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ESTRUCTURA DE LA TESIS 
 
Esta tesis doctoral se organiza siguiendo el orden habitual de cualquier trabajo 
científico, tanto en conjunto como en cada una de sus partes. Comienza con 
un apartado de Introducción, en el que se da una visión general del estado 
actual del conocimiento sobre el tema de estudio: las señales fiables, los 
ornamentos basados en carotenoides y la testosterona. La Introducción 
finaliza con un apartado en el que se detallan los Objetivos que se tratarán en 
cada uno de los capítulos.  
A continuación se ha añadido una breve Nota Metodológica. El 
objetivo de este apartado no es hacer una descripción completa de todos los 
métodos empleados en esta tesis (que se encuentran explicados con detalle en 
cada uno de los capítulos) sino más bien aclarar ciertos aspectos no explicados 
en detalle en los diversos capítulos y justificar las pequeñas diferencias 
metodológicas existentes entre algunos de ellos.  
A continuación se presentan los cinco capítulos que conforman el 
cuerpo principal de esta tesis abordando cada uno de los objetivos 
anteriormente planteados. Dichos capítulos están redactados en inglés y 
corresponden a artículos en diferente estado de publicación (ya publicados o 
enviados y en revisión). Cada uno de ellos sigue la estructura típica de un 
artículo científico. Sin embargo, dados los diferentes formatos de las revistas a 
las que han sido enviados, puede haber pequeñas diferencias de estructuración 
de un capítulo a otro. 
En el apartado de Síntesis se hace una breve discusión de los 
resultados obtenidos y sus implicaciones, tratando de dar una visión 
integradora para elaborar un modelo general del funcionamiento de las señales 
dinámicas basadas en carotenoides. Y por último, se enumeran las principales 
Conclusiones de la tesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                        INTRODUCCIÓN 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                    Introducción 
 
 5
Un pavo real se pasea /por un desván en penumbra 
 y a su paso, que deslumbra,/la oscuridad se voltea. 
¿Qué transformó pluma en tea /de apariciones umbrías? 
¿Qué pasión, qué melodía, /tocó el corazón humano 
para conducir la mano /del sueño a la poesía? 
    (Silvio Rodríguez) 
 
El color y la forma de los ornamentos de muchos animales han 
estimulado siempre la imaginación y la curiosidad de los seres humanos, ya sea 
desde un punto de vista estético, científico o poético. Vista bajo el prisma  de 
la evolución, la existencia de plumajes llamativos, grandes cornamentas, 
tegumentos vivamente coloreados, así como comportamientos rituales 
elaborados y a menudo extenuantes relacionados con el cortejo, plantea 
interesantes cuestiones. Así, estos caracteres y comportamientos consumen 
grandes cantidades de tiempo, energía y recursos, a la vez que hacen al 
individuo más detectable y vulnerable a los depredadores. Por eso, en muchos 
de esos casos la evolución parece haber promovido caracteres contrarios a lo 
esperable según la selección natural. Este tipo de comportamientos y diseños 
tienen su origen en otro tipo de selección, la selección sexual. 
La selección sexual fue ya identificada como un fenómeno evolutivo 
relevante por Darwin (1859, 1871) y ocurre como resultado de diferencias en 
el éxito a la hora de obtener pareja. Esto se traduce en una variabilidad final 
en el éxito reproductor de los individuos y por tanto en la capacidad de 
transmitir su patrimonio genético a generaciones futuras, constituyendo en 
este sentido una presión evolutiva que puede ser tan poderosa como la 
selección natural (Darwin 1871, Andersson 1994). Se pueden distinguir dos 
formas de selección sexual, ya reconocidas en la obra original de Darwin: la 
selección intrasexual (evolución de rasgos que favorecen al portador en la 
competencia entre individuos del mismo sexo por miembros del sexo 
contrario) y selección intersexual (evolución de caracteres seleccionados 
positivamente por el sexo opuesto) Sin embargo, fuertemente criticadas en un 
principio y eclipsadas por la selección natural, las ideas de Darwin sobre la 
selección sexual como motor evolutivo del desarrollo de armamentos y 
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ornamentos fueron ignoradas durante décadas. Durante mucho tiempo, el 
modelo de Fisher (1930), sin que suscitara gran interés en su momento, 
permaneció como única explicación mecanística a la evolución y 
mantenimiento de ornamentos con función sexual. Tras este largo periodo de 
olvido (denominado “la era olvidada de la selección sexual” por West-
Eberhard (1983)), a mediados de los años setenta renace el interés por ella, un 
interés que ha ido en aumento hasta nuestros días. En la actualidad, la 
selección sexual puede considerarse uno de los pilares fundamentales de la 
biología evolutiva, siendo de importancia capital en la comprensión de 
procesos que van desde la competencia espermática o la proporción de sexos 
hasta la especiación o la evolución de ornamentos exagerados. 
 
Ornamentos sexuales como indicadores de calidad individual  
Los dos mecanismos principales de la selección sexual (competencia 
intrasexual y elección de pareja) implican una interacción y un intercambio de 
información entre individuos de una misma especie. Así, los machos que se 
enfrentan comunican su calidad al tiempo que evalúan la del oponente para 
sopesar los costes y beneficios de la contienda. Del mismo modo, machos y 
hembras se beneficiarán de un sistema de señalización en el que los elegidos 
puedan demostrar su calidad y los electores puedan evaluarla. Por tanto, la 
selección sexual va inherentemente unida al desarrollo de un sistema de 
comunicación basado en señales. En la actualidad se considera que muchos de 
los ornamentos y caracteres sexuales secundarios que presentan las especies 
funcionan como señales en el contexto de la selección sexual y se han 
originado gracias a ella (Andersson 1994, Møller 1994, Ligon 1999). 
No obstante, el hecho de que tanto emisores como receptores necesiten 
un sistema de señalización y se beneficien de él no implica que se comporten 
de forma “honesta” o fiable. Dado que su éxito reproductor depende de ello, 
los emisores podrían tratar de producir señales que indiquen una calidad 
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individual mayor que la real, al tiempo que los receptores desarrollarían 
mecanismos que les permitieran descubrir el engaño. La teoría predice que los 
mentirosos no prosperarán en la población ya que de ser así los receptores no 
obtendrían ningún beneficio al responder a la señal, y por tanto ésta se 
devaluaría y dejaría de usarse. Por ello, de esta “carrera de armamentos” entre 
emisores y receptores surge un sistema de señalización fiable (Dawkins y 
Krebs 1978). 
Sin embargo, esto lleva a la cuestión crucial de qué factores permiten 
que una señal sea fiable. Es decir, ¿qué hace que una señal (un 
comportamiento, un ornamento) evolucione y se mantenga como un 
indicador fiable de la calidad del individuo? 
 
El Principio del Hándicap 
Para responder a esta pregunta, en 1975 Amotz Zahavi formula el Principio 
del Hándicap, idea clave en el contexto de la fiabilidad de las señales. El 
Principio del Hándicap tiene una formulación elegante a la vez que sencilla en 
apariencia. Éste no pretende ser solamente un modelo sobre la evolución de 
las señales sexuales, sino sobre señalización en sentido amplio, aplicable desde 
el contexto del conflicto paterno-filial a la comunicación entre depredador y 
presa o entre miembros de una misma especie que viven en grupo (Zahavi 
1997). En pocas palabras, dicho principio sugiere que lo que hace fiable (no 
falsificable) a una señal es el coste de su producción. O dicho de otra manera: 
una señal debe ser costosa para ser fiable. Las señales fiables funcionarían así como 
hándicaps para el individuo y su desarrollo estará relacionado con alguna 
característica de éste. Así, en el caso de la selección sexual, el desarrollar y 
mantener un ornamento debe conllevar una serie de costes para el portador, y 
un mismo grado de desarrollo del ornamento (del hándicap) conllevaría costes 
relativamente mayores para individuos de baja calidad con respecto a los de 
alta calidad. Esto haría que la exageración de una señal por encima de la 
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calidad real del individuo estuviera penalizada en términos de viabilidad, con 
lo que los mentirosos no prosperarían.  
Desde su planteamiento, el Principio del Hándicap generó una gran 
polémica entre detractores y defensores que contribuyó de forma importante a 
clarificar y profundizar en el funcionamiento de dicho principio. El enfoque 
actual del estudio de las señales de tipo sexual recoge la esencia del Principio 
del Hándicap: para comprender la evolución de los ornamentos y señales 
empleados, debemos conocer los son los costes y los limitantes asociados a su 
producción. Por tanto, para saber cuáles son las causas últimas de su 
evolución hay que investigar los mecanismos próximos de su expresión. 
 
Selección Sexual Mediada por Parásitos y el Hándicap de la 
Inmunocompetencia 
En 1982, William Hamilton y Marlene Zuk enuncian la Hipótesis de la 
Selección Sexual Mediada por Parásitos. Por esas fechas, los teóricos habían 
encontrado un escollo difícil de superar: en muchas especies (como por 
ejemplo aquellas con un sistema de apareamiento tipo lek), un número 
relativamente bajo de machos acaparan la mayor parte de las hembras dentro 
de una población, las cuales eligen a los machos en función de un 
determinado carácter. Si la variabilidad en la expresión de un carácter tiene 
una base genética, dada la fortísima presión de selección ejercida, cabría 
esperar que en un tiempo relativamente breve dicha selección acabara con la 
variabilidad genética para ese carácter dentro de la población, imposibilitando 
que la selección continúe dándose. Esto es lo que se conoce como la 
“Paradoja del lek” (Borgia 1979). 
Hamilton y Zuk (1982) propusieron que muchos caracteres sexuales 
secundarios que se expresan al límite de las posibilidades del individuo son 
especialmente sensibles al efecto de los parásitos, de modo que los individuos 
menos parasitados (más eficaces al combatir las infecciones) son capaces de 
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desarrollar más sus ornamentos. De esta forma, los ornamentos funcionarían 
como hándicaps reveladores de una determinada cualidad del individuo, en este 
caso su capacidad inmunitaria. Parásitos y hospedadores están en continua 
lucha: los primeros mutan rápidamente para evitar las defensas de los 
segundos, al tiempo que la resistencia genética de estos últimos debe cambiar 
también para protegerse de manera más efectiva. De esta forma la variabilidad 
genética en la población se mantiene, y  el grado de expresión del carácter no 
se ve fijado. 
Hamilton y Zuk (1982) destacaron así el posible papel de los parásitos y 
la capacidad de los hospedadores para combatirlos como posibles piezas clave 
en el desarrollo de los ornamentos sexuales. Recogiendo esa idea y basándose 
en las diferencias de infección entre sexos, Folstad y Karter (1992) enunciaron 
la Hipótesis del Hándicap de la Inmunocompetecia como una versión 
particular del Principio del Hándicap. Esta hipótesis se basa en tres premisas: 
1) que el grado de desarrollo de los caracteres sexuales secundarios determina 
la elección de las hembras, 2) que el desarrollo de dichos caracteres está 
mediado por testosterona, y 3) que la testosterona tiene un papel 
inmunosupresor. Lo que sugiere esta hipótesis es que la testosterona tiene un 
papel dual, promoviendo el desarrollo de  caracteres sexuales secundarios pero 
al mismo tiempo afectando al sistema inmunitario, de forma que sólo aquellos 
individuos con un sistema inmunitario de gran calidad podrán asumir los 
costes de la inmunosupresión necesaria para desarrollar sus ornamentos más 
que el resto de competidores. De esta forma las hembras, al elegir en base a 
estos caracteres, están obteniendo parejas con un sistema inmunitario de más 
calidad que a su vez será heredado por sus descendientes. 
Desde la publicación del trabajo de Folstad y Karter, un buen número 
de estudios han testado la validez de la hipótesis del Hándicap de la 
Inmunocompetencia. Aunque muchos de esos estudios han mostrado 
resultados que apoyan dicha hipótesis, una reciente revisión ha puesto de 
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manifiesto que en conjunto las evidencias son aún escasas, por lo que es 
necesario seguir trabajando y ampliar el rango de especies estudiadas (Roberts 
et al. 2004) 
 
Ornamentos basados en carotenoides 
Muchos de los ornamentos que se pueden encontrar entre los animales 
consisten en marcas de color amarillo, naranja o rojo. En muchos casos, esos 
ornamentos están pigmentados por la acumulación de carotenoides en el 
tegumento del animal. Los carotenoides son pigmentos de naturaleza lipídica 
que los animales no pueden sintetizar por si mismos, por lo que deben 
ingerirlos en la dieta. En muchos casos (en función de la dieta del animal) los 
carotenoides pueden ser un recurso limitado. Esto llevó a sugerir que el 
tamaño y la intensidad de las marcas de coloración basadas en carotenoides 
podían ser indicadores de la capacidad del individuo en la búsqueda de 
alimento (Endler 1983, Hill 1992). Esta es la linea de razonamiento de los 
trabajos pioneros de Endler (1983) en el guppy (Poecilia reticulata) y Geoffrey 
Hill con el pinzón mejicano (Carpodacus mexicanus) (Hill 1992). Por otra parte, 
la coloración carotenoide también podría reflejar, más que la disponibilidad de 
carotenos en la dieta, la capacidad fisiológica del individuo para absorberlos y 
metabolizarlos. Por ejemplo determinadas infecciones intestinales, en 
particular las de coccidios, reducen la capacidad de absorción de carotenos en 
el intestino (Allen 1992, Hõrak et al. 2004) y en este sentido la coloración 
carotenoide podría ser un indicador del estado de parasitación, en la línea de la 
hipótesis de Hamilton y Zuk (ver también Martínez-Padilla et al. 2007). 
Sin embargo, como se ha venido descubriendo con posterioridad, los 
pigmentos carotenoides tienen otras funciones fisiológicas aparte de la 
pigmentación. Por ejemplo, los carotenoides tienen propiedades antioxidantes 
e inmunoestimulantes. Por ello, se ha sugerido que los ornamentos basados en 
carotenoides pueden funcionar como señales sexuales debido al compromiso 
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que experimenta un individuo entre emplear dichos pigmentos en coloración 
o en otras funciones, particularmente aquellas relacionadas con la respuesta 
inmunitaria (Lozano 1994). Durante la respuesta frente a un patógeno, 
muchas células del sistema inmune generan radicales libres (especies muy 
reactivas de oxígeno u óxido nítrico) que son dañinos para el patógeno. Sin 
embargo, estos compuestos son también  potencialmente nocivos para el 
individuo, por lo que una liberación incontrolada puede causar daños en sus 
tejidos, provocando  a una situación de estrés oxidativo. Cuando los radicales 
libres entran en contacto con los carotenoides, éstos últimos los neutralizan, al 
tiempo que pierden sus propiedades pigmentarias en el proceso. En este 
contexto, la fiabilidad de las señales basadas en carotenoides puede darse por 
dos vías. Una primera posibilidad es que una coloración carotenoide intensa 
podría estar señalizando que el individuo no está enfermo ni parasitado, por lo 
que no está desarrollando respuesta inmune y tiene gran cantidad de 
carotenoides disponibles para depositarlos en el ornamento. Otra posibilidad 
(compatible con la anterior) es que los ornamentos carotenoides estén 
informando sobre la calidad de las defensas antioxidantes (no carotenoides) 
del individuo, de forma que los individuos más pigmentados serían aquellos 
más capaces de neuralizar a los radicales libres, protegiendo a los carotenoides 
de la oxidación y pudiendo emplearlos en aumentar su coloración (Hartley y 
Kennedy 2004). Sea cual sea el mecanismo, recientes trabajos han puesto de 
manifiesto de forma experimental el efecto de desarrollar una respuesta 
inmunitaria a nivel sistémico sobre los carotenoides circulantes (McGraw y 
Ardia 2003, Peters et al. 2004, Alonso-Alvarez et al. 2004) e incluso la 
coloración (Faivre et al. 2003, McGraw y Ardia 2003, Peters et al. 2004, 
Alonso-Alvarez et al. 2004). Sin embargo, el posible efecto de un desafío 
inmune mucho más local y de tipo celular es prácticamente desconocido. 
 
Ornamentos estáticos vs. ornamentos dinámicos 
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En el caso de las aves, la mayor parte de los estudios vinculando coloración 
carotenoide y calidad individual se han realizado en especies que muestran los 
carotenoides en el plumaje. Los ornamentos del plumaje han demostrado 
tener propiedades informativas en múltiples especies (Hill y McGraw 2006). 
Sin embargo, las plumas son estructuras metabólicamente inertes y aunque 
pueden cambiar su color, dichos cambios son en la mayor parte de los casos 
debidos a la abrasión o al desgaste (ej. McGraw y Hill 2004, Figuerola y Senar 
2005) y no está claro que se relacionen con la calidad del emisor (ver, sin 
embargo Delhey et al. 2006 y Blanco et al. 2005). Esto hace que la capacidad 
informativa del plumaje esté limitada, ya que desde el periodo de muda hasta 
el periodo reproductor suelen transcurrir varios meses (salvo en especies con 
muda prenupcial). En este tiempo la condición del individuo puede haber 
cambiado (debido a enfermedad o cualquier otro factor), pero no el plumaje, 
que seguirá informando sobre la calidad del individuo en el momento en que 
realizó la muda. La información contenida en la señal y la calidad real del 
emisor podrían mostrar así un cierto desacoplamiento, lo que llevaría a una 
pérdida de fiabilidad de la señal. 
Sin embargo, además de las plumas, las aves poseen otro tipo de 
estructuras, como picos, patas, anillos perioculares o carúnculas, que también 
pueden presentar coloración carotenoide. A diferencia del plumaje, estas 
estructuras pueden tener  la capacidad de cambiar de color en poco tiempo en 
respuesta a variaciones en el estado fisiológico del individuo, ya sea en días 
(Faivre et al. 2003) o incluso en horas (Rosen y Tarvin 2006, Velando et al. 
2006). Estos ornamentos podrían por tanto proporcionar una información 
más actualizada y precisa sobre el individuo. De hecho, existen evidencias de 
que estos cambios rápidos pueden afectar a las decisiones de la hembra a 
corto plazo (ej. Torres y Velando 2003, Velando et al. 2006). Esto abre una 
nueva dimensión de posibilidades, ya que el grado de expresión de dichos 
ornamentos (y por tanto, la inversión en señalización) podría regularse en el 
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tiempo, maximizándolo en la época de emparejamiento y minimizándolo fuera 
de ella (reduciendo costes innecesarios). 
 
La perdiz roja como modelo de estudio 
La perdiz roja (Alectoris rufa) es una galliforme de pequeño-mediano tamaño,  
con llamativa coloración roja en anillo periocular, pico y patas. Además de ser 
más grandes y presentar espolones (a veces también presentes en las hembras, 
pero de menor tamaño y diferente forma), los machos de perdiz roja tienen 
una mayor intensidad en coloración roja en el anillo periocular (Villafuerte y 
Negro 1998) que, como la de las patas y el pico, puede estar basada en 
carotenoides (punto que se demuestra en el capítulo 2 de esta tesis). Además 
de dicho carácter, recientemente se ha descrito dimorfismo sexual y 
diferencias entre edades en el ancho del bandeado negro de las plumas del 
costado de esta especie (Bortolotti et al. 2006). 
 Si bien se la considera una especie primordialmente monógama, existe 
un cierto grado de poliginia o incluso poliandria (Cramp y Simmons 1980). 
Además, recientes estudios han evidenciado una tasa relativamente alta de 
parasitismo intraespecífico de nidada y cópulas extrapareja (Casas et al. 2006 a, 
b). Por otro lado, como en otras galliformes, la testosterona debe tener un 
papel fundamental en el comportamiento reproductor de la perdiz roja. 
Durante la reproducción, los machos de perdiz roja muestran gran 
agresividad, una intensa actividad vocal y territorialidad, todos ellos 
comportamientos muy relacionados con la testosterona (Van Duyse et al. 
2002, Ramenofsky 1984, Wingfield et al. 1987). 
Con respecto a los niveles de carotenoides en plasma en esta especie, se 
han descrito variaciones estacionales y diferencias entre sexos y edades aunque 
la dieta se mantenga constante (Negro et al. 2001). Además, la ingesta de 
carotenoides en hembras ha demostrado tener importancia en los niveles 
circulantes, que a su vez están relacionados con el contenido de carotenoides 
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en yema (Bortolotti et al. 2003). Sin embargo, aparte de estos estudios y la 
mencionada descripción del dimorfismo sexual en coloración del anillo 
periocular (Villafuerte y Negro 1998), ningún otro trabajo ha profundizado en 
el potencial de la coloración carotenoide de esta especie como señal fiable de 
calidad individual ni en los factores que pueden afectar a su expresión. 
 
OBJETIVOS DE LA TESIS 
 
Como se ha mencionado, la ornamentación de un individuo está determinada 
por una serie de factores (internos y externos) que interaccionan de manera 
compleja. Estas interacciones determinan una serie de compromisos, cuya 
resolución presumiblemente estará relacionada con la calidad (genética y 
fenotípica) del individuo. La perdiz roja  presenta múltiples ornamentos (por 
ejemplo, coloración carotenoide en anillo periocular, pico y patas, babero 
negro y bandeado en los costados pigmentados por melanina). En esta tesis 
doctoral nos hemos centrado en la coloración con base carotenoide y algunos 
de los factores que, a priori, pueden tener más importancia en su expresión: 
testosterona, carotenoides en plasma, condición física y activación del sistema 
inmune. Además, se ha pretendido indagar en la relación de esos factores 
entre sí ya que el entendimiento de estas relaciones resulta vital para tener una 
visión completa de los condicionantes de la expresión del ornamento, así 
como del potencial informativo del mismo. A modo ilustrativo, en la Figura 1 
se muestran dichos factores y las posibles relaciones existentes entre ellos, 
distinguiendo aquéllas abordadas de manera correlacional en alguno de los 
capítulos de las analizadas experimentalmente.  El objetivo general de esta 
tesis doctoral es indagar de forma experimental en el potencial  de la 
coloración basada en carotenoides como señal fiable de calidad individual en 
la perdiz roja, con especial interés en los factores y mecanismos que regulan la 
expresión del color y los niveles de carotenoides en el organismo. La 
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comprensión de dichos procesos puede ayudar a entender cómo funcionan y 
cómo han evolucionado los ornamentos basados en carotenoides. 
Como se ha indicado anteriormente, desde la formulación de la 
hipótesis del Hándicap de la Inmunocompetencia, el interés por los 
ornamentos cuyo desarrollo está mediado por la testosterona ha crecido de 
forma exponencial. Sin embargo, hay que tener en cuenta que dicha hipótesis 
propone que los individuos regularán los niveles de testosterona de acuerdo a 
su estado fisiológico. En este sentido, la condición física (entendida como el 
estado nutricional del individuo) es quizás uno de los factores más influyentes 
en todos los aspectos y componentes de la eficacia biológica de un individuo. 
De hecho, la condición física puede afectar a la expresión de los ornamentos, 
como se detalla en el Capítulo 2 de esta tesis. El primer objetivo de esta tesis 
 
carotenoides
disponibles
condición
física
respuesta
inmunitaria
testosterona
coloración
carotenoide
Figura 1. Representación esquemática de las relaciones entre las variables 
estudiadas en esta tesis doctoral. Con flechas continuas se representan las relaciones 
estudiadas de forma experimental, con flechas discontinuas las estudiadas de forma 
correlacional, y con flechas punteadas las no estudiadas.
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es analizar la relación entre condición física y testosterona (Capítulo 1), lo que 
podría tener grandes implicaciones en la interpretación de los vínculos entre 
ornamentación y andrógenos. 
Los ornamentos basados en carotenoides pueden ser indicadores fiables 
de la capacidad de un individuo para buscar alimento, teniendo gran relación, 
como se ha mencionado más arriba, con su condición física. Un segundo 
objetivo de esta tesis es analizar de forma experimental la relación entre 
condición física y coloración carotenoide del anillo periocular en la perdiz roja 
(Capítulo 2). Además, dado que las presiones selectivas hacia una señalización 
fiable pueden diferir entre machos y hembras, se realizó el estudio en 
individuos de ambos sexos.  
Por otro lado, ya se ha comentado que los ornamentos basados en 
carotenoides no sólo pueden informar sobre la habilidad de un individuo para 
buscar alimento o sobre su condición física. Por su vinculación al estrés 
oxidativo y la respuesta frente a patógenos, los carotenoides pueden estar 
informando sobre el estado de salud del animal, delatando la existencia de un 
proceso patológico que haya desencadenado una respuesta inmunitaria. Como 
se ha mencionado ya, recientes trabajos han puesto de manifiesto el efecto de 
desarrollar una respuesta inmunitaria a nivel sistémico sobre los carotenoides 
circulantes y la coloración. Sin embargo, poco se sabe del efecto de activar una 
respuesta más local sobre dichas variables. El tercer objetivo de esta tesis es 
analizar el efecto de una respuesta inmune celular desencadenada a nivel local 
sobre los niveles circulantes de carotenoides, así como su posible efecto sobre 
la coloración basada en estos pigmentos (Capítulo 3). 
Precisamente dos de los factores ya citados, testosterona y 
carotenoides, acaparan actualmente la atención de buen número de 
investigadores interesados en el estudio de las señales fiables empleadas en 
contextos sexuales. Sin embargo, y pese a los paralelismos existentes entre 
ambas moléculas (diferencias entre sexos y edades, variaciones estacionales), 
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hasta la fecha los intentos de conectar las señales mediadas por ellas han sido 
escasos. En un intento por avanzar hacia una posible unificación, el cuarto 
objetivo de esta tesis es buscar una conexión entre carotenoides y 
testosterona, profundizando en la posible interacción entre dichos factores y 
el sistema inmunitario y sus posibles implicaciones en el funcionamiento de las 
señales sexuales fiables (Capítulo 4). 
Como se ha mencionado en la Introducción, los ornamentos como 
picos, patas, carúnculas o anillos perioculares cuya coloración está basada en 
carotenoides pueden, potencialmente, funcionar como caracteres dinámicos 
que respondan rápidamente a cambios en el estado fisiológico del animal 
(aspectos tratados en los capítulos 2, 3 y 4 de esta tesis doctoral). Pero ¿qué 
ocurre cuando factores como la disponibilidad de alimento y carotenoides o 
los patógenos son excluidos del sistema? Se sabe que en la perdiz roja los 
niveles de carotenoides varían estacionalmente aunque la dieta se mantenga 
constante, por lo que la pigmentación basada en ellos también podría variar de 
forma acorde. Por otro lado, un factor importante en cuanto a los ornamentos 
dinámicos es saber si, pese a su capacidad para cambiar con rapidez, la 
intensidad de color de un individuo determinado dentro de una población 
sujeta a las mismas condiciones permanece estable a lo largo de una estación y 
entre años (es decir si, pese a las variaciones, los individuos más pigmentados 
siguen siendo siempre los más pigmentados). Este tipo de análisis permitiría 
discernir hasta que punto estos caracteres dinámicos están determinados sólo 
por factores ambientales o por el contrario pueden aportar información sobre 
la capacidad de un individuo para absorber y metabolizar los carotenoides 
ingeridos (ver Hadfield et al. 2007). Por ello, el quinto objetivo de esta tesis 
doctoral es investigar la relación entre variación estacional de carotenoides 
circulantes y cambios de coloración, así como la consistencia  en la 
ornamentación entre meses y años dentro de la población (Capítulo 5) 
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Cada uno de los cinco capítulos que forman esta tesis doctoral sigue la 
estructura típica de un artículo científico, por lo que todos ellos contienen una 
descripción detallada de los métodos empleados. Sin embargo, hay ligeras 
diferencias entre capítulos en algunas de las técnicas de laboratorio o variables 
utilizadas. El objetivo principal de este apartado es, además de dar una breve 
descripción de las condiciones generales de mantenimiento y cría de las aves 
empleadas en este trabajo, explicar dichas diferencias y las razones por las que 
se ha optado por un método u otro en cada caso. 
Todos los experimentos presentados en esta tesis doctoral se realizaron 
en las instalaciones de la Granja Experimental de Perdiz Roja que el IREC 
gestiona en la finca Dehesa de Galiana, situada a 14 kilómetros de Ciudad Real 
(España). La población fundadora fue de unos 120 animales, procedentes de 
Lugar Nuevo (Andujar, Jaén) en 2001. Los ejemplares empleados en los 
capítulos 1, 2, 4 y 5 son descendientes de dicha población inicial. En 2005 se 
importó un nuevo lote de animales (130 parejas) procedentes de Chinchilla 
(Albacete), cuyos descendientes se han empleado en el experimento del 
capítulo 3. 
La cría y mantenimiento de esta población cautiva se lleva a cabo de 
manera similar a otras granjas de perdiz roja. Las parejas reproductores se 
mantienen en jaulas de cría (aproximadamente 50 x 100 x 40 cm), de las cuales 
se recogen los huevos diariamente en el periodo de puesta (entre marzo y 
julio) y se almacenan a una temperatura aproximada de 14ºC hasta el 
momento de la incubación, la cual se realiza por lotes. Cada huevo se marca 
con la fecha y pareja de origen. De esta forma, al eclosionar, cada perdigón es 
anillado siguiendo un código alfanumérico que permite identificar la pareja de 
procedencia. Durante los primeros 20 días de vida, los perdigones se alojan en 
habitaciones donde la temperatura se mantiene elevada mediante calefactores 
y son alimentados con pienso de Inicio (Superfeed, Cuenca), conteniendo 28% 
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de proteína, 3,8% de grasa y 4,4% de fibra, además de diversos aditivos como 
vitaminas o minerales. Tras este periodo de tiempo (y dependiendo de las 
condiciones atmosféricas), se les permite salir al exterior de los parques de 
vuelo (8 x 10 x 3 metros) y se suministra pienso de la variedad Vuelo de la 
mencionada marca (20% de proteína, 4,5% de grasa y 3,7% de fibra; 
contenido en carotenoides: 4,4 µgr/ml) mezclado a partes iguales con trigo. 
Más tarde se las traslada a parques de vuelo mayores (45 x 10 x 3 metros). Las 
densidades en dichos parques de vuelo suelen mantenerse bajas (<0,15 
aves/m2). A partir de los 3-4 meses, se les suministra un nuevo tipo de pienso 
(Menú, de la misma casa comercial), con un 16% de proteína, 4% de grasa y 
3,3% de fibra y un contenido en carotenoides de 5,26 µgr/gr. Este pienso 
también se mezcla a partes iguales con trigo y constituirá su alimentación el 
resto de su vida, salvo que se les seleccione como reproductores, con lo que 
pasarán a tener un tipo de pienso especial en la época de puesta. 
Todos los experimentos de esta tesis doctoral se han realizado con aves 
que, tras ser criadas de la manera descrita, fueron posteriormente aisladas 
individualmente en jaulas de reproductores para poder realizar tratamientos 
independientes. Estas jaulas se encontraban al aire libre, con una zona 
totalmente opaca y protegida de la intemperie. Además, desde finales de mayo, 
dichas jaulas se protegen de la sobreexposición al sol con un toldo.  
Dado que el paso de voladero a jaula puede suponer un cierto estrés 
para el animal (que se traduce en una ligera pérdida de peso durante los 
primeros días), antes de la toma de datos de cualquier experimento se les 
permitió un tiempo prudencial de habituación. Además, a dichas aves se les 
administraba agua ad libitum mediante bebederos incorporados a la jaula y su 
alimentación se basaba sólo en pienso (de tipo Vuelo en los capítulos 1 y 2, y 
Menú en el resto). Durante los experimentos se administró sólo pienso (sin 
mezclarlo con trigo). Esto facilitó una dosificación más precisa en 
experimentos que implicaban restricción de alimento o cálculo de la tasa de 
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ingesta (capítulos 1, 2 y 4). Además, se evitó así el posible efecto de un sesgo 
por diferentes preferencias de alimento entre individuos, o bien un posible 
cambio en dichas preferencias con el tiempo, lo que podría haber afectado a 
los niveles de carotenoides en plasma. 
Los parásitos más comunes en esta granja son los coccidios (Eimeria 
sp.) y el nematodo intestinal Heterakis gallinarum. El estado sanitario de la 
población cautiva se monitoriza constantemente mediante la realización de 
análisis coprológicos regulares y necropsia de algunos de los ejemplares 
hallados muertos.  Durante la realización de esta tesis, cuando fue necesario, 
se administró Quinoxiven (laboratorios Iven, Madrid) -un tratamiento 
coccidiostático a base de sulfaquinoxalina- o bien Vermium (laboratorios 
Ovejero, León, España), un antihelmíntico a base de Levamisol. 
 
Análisis de los carotenoides en plasma 
El análisis de los carotenoides en plasma se realizó siguiendo un método 
habitualmente utilizado en múltiples estudios (p. ej. Bortolotti et al. 1996, 
Tella et al. 1998, Negro et al. 1998, Negro et al. 2001, Bortolotti et al. 2000, 
Peters et al. 2004, Costantini et al. 2006). Éste consiste en diluir unos 60 µl de 
plasma en acetona (dilución 1:10 o similar). Tras mezclar y centrifugar (10000 
rpm), lo que hace precipitar las proteínas plasmáticas, se cuantifica la 
absorbancia del sobrenadante. Además, en cada sesión de análisis se realizó 
una recta de calibrado con un estándar de luteína (Sigma-Aldrich) que se 
empleó para obtener los valores finales de concentración de carotenoides en 
plasma o tejido.  
La luteína es el carotenoide más abundante en el plasma de la perdiz 
roja (Julio Blas y Juan Garrido, com. pers), así como en otras aves granívoras 
(Hill 2002, Hill et al. 2002, McGraw et al. 2003, Koutsos et al. 2003, McGraw 
2004). El espectro de absorbancia de la luteína presenta un máximo en 446 
nm y un segundo pico, algo menor, a 476 nm (Mínguez-Mosquera 1993; ver 
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Figura 1a). En los capítulos 2, 3 y 5, la absorbancia se midió a la longitud de 
onda del pico máximo de la luteína, 446 nm, tal como describen varios autores 
(p. ej. Hill et al. 2002, Alonso-Alvarez et al. 2004, Costantini et al. 2006, Hõrak 
et al. 2006). Sin embargo, los análisis de carotenoides en plasma y tejidos del 
capítulo 4 fueron realizados por los colaboradores de ese trabajo (Julio Blas, 
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Figura 1. a) Espectro de absorbancia de la luteína en acetona. b) Concentraciones de 
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Gary R. Bortolotti y Tracy A. Marchant) en el Departamento de Biología de la 
Universidad de Saskatchewan. El método rutinario empleado en ese 
laboratorio implica el mismo procesado de las muestras, pero midiendo la 
absorbancia en el pico secundario del espectro de la luteína, es decir, a 476 nm 
(p. ej. Bortolotti et al. 1996, Negro et al. 2001, Peters et al. 2004).  
Sin embargo, estas diferencias en el análisis de las muestras de 
diferentes capítulos no afectan a los resultados aquí presentados. En primer 
lugar, porque en todos los casos se empleó una recta de calibración con un 
estándar de luteína. Además, en ningún momento se han comparado ni 
mezclado en un mismo capítulo los valores de luteína obtenidos por ambas 
vías. Pese a todo, para comprobar si por ambos protocolos se obtenían 
resultados comparables, se procedió a hacer un pequeño ensayo de 
laboratorio. Partiendo de 27 muestras de plasma, se realizó el análisis de la 
concentración de carotenoides según el primer método (midiendo la 
absorbancia de las muestras y realizando la recta de calibrado de luteína a 446 
nm) y según el segundo (muestras y recta de calibrado de luteína medidas a 
476 nm). En la Figura 2b se muestra la altísima correlación existente entre los 
resultados de ambos métodos (rP=0,99; p<0,001). En cualquier caso, conviene 
señalar que aunque las mediciones se realizaron tomando como referencia el 
carotenoide más abundante en plasma, nuestros resultados deben interpretarse 
más bien como “carotenoides totales”. Esto se debe a que el método usado 
no permite separar cada uno de los diferentes carotenoides presentes en la 
muestra. Dado que los carotenoides más abundantes en las semillas y el 
plasma (fundamentalmente luteína y zeaxantina) tienen espectros de 
absorbancia  y máximos muy similares (Mínguez-Mosquera 1993) las lecturas 
que obtenemos corresponden a la suma de absorbancias a 446 nm de todos 
los carotenoides contenidos en el plasma, y esta es una longitud de onda en la 
que todos ellos suelen tener una absorbancia cercana al máximo. 
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Análisis de la coloración basada en carotenoides  
En esta tesis se han usado diversos métodos para cuantificar el grado de 
pigmentación carotenoide en el anillo periocular y pico de la perdiz roja. Pese 
a que en algunos de los experimentos también se tomaron datos de la 
coloración de las patas, éstos se han desestimado ya que las patas a menudo 
eran difíciles de limpiar antes de realizar la medición y porque los bordes 
blancos de las escamas hacían difícil obtener medidas fiables de la 
pigmentación roja subyacente. 
 Para medir el grado de pigmentación carotenoide en el anillo periocular 
se ha recurrido al análisis de fotografías digitales ya que el pequeño tamaño del 
área a analizar y su rugosidad hacían poco viable la medición mediante 
espectrómetro de reflectancia. Las fotografías se realizaron con una cámara 
digital Nikon Coolpix 4500, y con una resolución de 2272 ×1704 pixeles bajo 
iluminación por tubos fluorescentes y tras realizar un balance de blancos antes 
de cada sesión. En cada imagen se fotografiaba, junto al ejemplar en cuestión, 
una escala de grises de referencia. 
 En 2003, las fotografías se tomaron con un fondo blanco y una 
velocidad de exposición de 1/60 s. Aunque la fotografía estaba correctamente 
expuesta, debido a que la exposición se realizó tomando el promedio de toda 
la imagen, a posteriori se comprobó que el anillo periocular quedaba 
ligeramente subexpuesto. Además, debido a la rápida velocidad de obturación, 
existían ligeras diferencias de exposición entre fotografías debido al parpadeo 
inherente de los tubos de luz fluorescente. Por todo ello, se optó por descartar 
el uso de las componentes R, G y B del color para cuantificar la pigmentación 
del anillo periocular en esas fotografías. Sin embargo, un parámetro que podía 
estimarse sin ningún problema en todas las imágenes era el área relativa de 
anillo periocular pigmentada por carotenoides o no pigmentada (blanca). 
Desde un momento temprano del estudio resultó evidente que la coloración 
no era uniforme en toda la superficie del anillo, si no que había diferencias 
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muy marcadas entre individuos o situaciones (un patrón muy variable, desde 
anillo prácticamente sin coloración rojiza, hasta uniformemente rojo, ver 
capítulos 2 y 5), y por tanto se requería alguna variable capaz de reflejar esta 
varianza. Aunque esta variable mide el área relativa pigmentada y no la 
intensidad de dicha pigmentación, ambas variables están correlacionadas (ver 
capítulo 3). Tras observar cuidadosamente todas las fotografías tomadas, se 
elaboró una escala de cuatro valores que se empleó como índice de 
pigmentación (ver capítulo 2 para más detalles). En el capítulo 5 esta escala se 
modificó ligeramente, añadiendo un valor más, ya que una exploración 
preliminar de las fotografías tomadas mostraba que el rango de pigmentación 
encontrado en las aves de este estudio era algo mayor. 
 En años posteriores se corrigió este detalle en la toma de fotografías, 
empleándose una menor velocidad de obturación y un fondo gris para las 
imágenes. De esta forma, en los capítulos 3 y 4 se pudo calcular la intensidad 
de la coloración roja del anillo (y el pico y narina en el capítulo 3) a partir de 
los valores R, G y B (Villafuerte y Negro 1998). Esto permitió además, en el 
capítulo 3, poder calcular el grado de pigmentación del anillo periocular de 
forma continua y no mediante una escala arbitraria. 
 Por otro lado, a partir de 2004, la coloración del pico también se midió 
mediante un espectrómetro de reflectancia. Estos datos se utilizan sólo en el 
capítulo 5, ya que, por problemas técnicos, no pudo emplearse dicho sistema 
en los datos de los capítulos 3 y 4. 
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Condición física y andrógenos: ¿son los 
ornamentos dependientes de condición y los 
ornamentos mediados por testosterona dos 
caras de una misma moneda? 
 
 
 
 
 
 
 
Pérez-Rodríguez L, Blas J, Viñuela J, Marchant  TA, Bortolotti GR (2006) Condition and 
androgen levels: Are condition-dependent and testosterone-mediated traits two sides of the 
same coin? Animal Behaviour 72: 97-103. 
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ABSTRACT 
The Immunocompetence Handicap Hypothesis posits that androgen-
mediated signals honestly indicate the responsiveness of the immune system 
due to the immunosuppressive effect of androgens. However, androgen levels 
may also be related to nutritional status, and differences in body condition 
could be a more parsimonious explanation for variation in the expression of 
the signal. We maintained captive male red-legged partridges under regulated 
food shortage until reaching 85% of their initial body mass. Controls were 
provided with food ad libitum. After food shortage, experimental birds had 
lower androgen and higher corticosterone levels than controls. The condition-
dependence in androgen levels suggests that androgen-mediated signals could 
be indicating general nutritional state rather than immune function 
specifically. We propose that androgen-dependent signals may act as 
indicators of body condition or indicators of immune system quality 
depending on the nutritional status of the individual. 
 
INTRODUCTION 
Males of many species exhibit elaborate morphological traits or behaviours 
(e.g. long feathers, large antlers, bright coloration, complex songs) that are 
considered to be a consequence of sexual selection (Andersson 1994). These 
special structures and displays may evolve because of intrasexual competition 
and mate choice. An increasing number of theoretical and empirical studies 
have focused on the role and origin of these traits. Many of them support the 
idea that secondary sex characters and courtship displays have evolved as 
information cues about the bearer’s quality (review in Andersson 1994) that 
can be evaluated by choosy females or opponents. 
Of special interest is the question of what maintains the correlation 
between the expression of the trait or the level of display and the quality of 
the individual; in other words, what maintains the honesty of the signal? The 
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handicap principle (Zahavi 1975) proposes that such traits and behaviours are 
costly to produce, and a similar level of expression imposes larger costs to 
low- compared to high-quality individuals. For example, secondary sex 
characters are expressed more extravagantly in individuals in good body 
condition, who pay relatively less than low-quality ones for the same size trait, 
thus assuring the reliability of the signal system. Such condition-dependence 
in the expression of sexually selected traits and behaviours has been found in 
a variety of species (e.g. Zeh & Zeh 1988, Vehrecamp et al. 1989, Veiga & 
Puerta 1996). 
A particular case of the handicap principle is the immunocompetence 
handicap hypothesis (ICHH, Folstad & Karter 1992), which proposes that the 
expression of many sexual secondary traits and behaviours in males is 
positively related to testosterone levels, which in turn have a negative effect 
on the immune system. Thus, the honesty of the signal is maintained by the 
“double-edged sword” effect of testosterone: higher androgen levels enhance 
trait expression but depress immune defences, so only individuals with an 
immune system of high quality will be able to maintain elevated hormonal 
levels without compromising their own health.  
The ICHH is based on three main assumptions: first, testosterone has a 
deleterious effect on the immune system; second, males with more elaborated 
traits or displays (or more aggressive behaviour in male-male contests) have 
higher mating success; and third, the degree of development of  these sexual 
secondary traits, display intensity or aggressiveness are correlated with 
testosterone levels. A considerable number of studies have contributed results 
compatible with, or supporting, the first, the second and the third assumption, 
although it seems that the empirical support for the ICHH is still weak (see 
Roberts et al. 2004 for a recent review). 
However, body condition may play an important role in testosterone 
production (Wilson et al. 1979, Wingfield 1987, Duckworth et al. 2001) and it 
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is possible that differences in body condition are the ultimate factor causing 
differences in the expression of the trait. In fact, in their model, Folstad & 
Karter (1992) suggested that androgen-dependent signal intensity is a plastic 
response, so it should be closely related to current physiological state of the 
animal (level of parasite infection, health, nutritional status; namely body 
condition, Brown 1996) which may influence the trade-off between androgen 
production and self maintenance. Immune response may be affected by body 
condition as well (Lochmiller & Deerenberg 2000, Alonso-Álvarez & Tella 
2001). Thus, if testosterone is immunosuppressive, it is expected that 
individuals in low body condition should have lower levels of testosterone to 
minimize the risks of disease or infection. In addition to immunological costs, 
testosterone-dependent behaviours may be costly to perform in terms of 
energy (Vehrecamp et al. 1989, Marler & Ryan 1996), which reinforces the 
possible importance of body condition in testosterone production, as only 
individuals in good body condition could face such energetic costs. 
Despite the fact that in many cases differences in body condition may 
be the most parsimonious explanation for both the variation in the expression 
of secondary sexual traits and testosterone levels, many correlational studies 
do not control for this variable and focus only in the relationship between 
testosterone and trait expression (e.g. Saino & Moller 1994, Rintamäki et al. 
2000, González et al. 2001). Furthermore, this hypothetical relationship 
between androgen production and nutritional status may be mediated by other 
components of the endocrine system, such as circulating levels of 
corticosterone (Wingfield et al. 1990, Wingfield & Ramenofsky 1999). A 
negative interaction between corticosterone and androgens may be the 
physiological link between body condition and androgen-dependent trait 
expression or behavioural performance. According to this hypothesis, 
energetic stress will elevate circulating corticosterone, which, in turn, may 
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reach a threshold level that inhibits androgen production (Wingfield & 
Kitaysky 2002) and impair immune system (Moller 1995, Buchanan 2000). 
In this paper we experimentally assess the causal relationship between 
body condition and androgen production and discuss the implications for 
studies of sexual selection. Variations in corticosterone levels associated with 
food shortage are also analysed to check for the possible role of stress 
hormones as mediator in this relationship. 
Our study species was the red-legged partridge (Alectoris rufa). Among male 
Galliforms, androgens are involved in the development of many secondary 
sex traits and behaviours important in mate choice and male-male interactions 
(red jungle fowl Gallus gallus: Ligon et al. 1990, Zuk et al.1990; ring necked 
pheasant Phasianus colchicus: Mateos & Carranza 1997, Papeschi et al. 2003; 
quail Coturnix japonica: Hagelin & Ligon 2001; black grouse Tetrao tetrix: Alatalo 
et al. 1996; red grouse Lagopus lagopus scoticus: Mougeot et al. 2005; grey 
partridge Perdix perdix: Fusani et al. 1994, Fusani et al. 1997). Male red-legged 
partridge exhibit intense vocal activity during courtship and fighting, a 
behaviour that has been demonstrated to be a sexually selected trait affected 
by testosterone levels among avian species (e.g. Van Duyse et al. 2002) 
including Galliforms (Fusani et al. 1994, 1997, Mougeot et al.2005). Also, male 
red-legged partridges are highly territorial during the breeding season and 
frequently display aggression to intruding males (Cramp & Simmons 1980), a 
behaviour that is known to be influenced by androgen levels (Ramenofsky 
1984, Wingfield et al. 1987). 
  
METHODS 
The experiment was performed in the “Dehesa de Galiana” experimental 
facilities of Instituto de Investigación de Recursos Cinegéticos (Ciudad Real, 
central Spain), during March-April 2003, when male red-legged partridges are 
reaching their period of maximal testosterone production (Bottoni et al. 1993). 
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The partridges used in the experiment were hatched in the previous year at 
our facility, kept from December to February in a communal pen of males 
(8x10m) and fed with a mixture of commercial pelleted food (20% protein, 
4.5% fat, 3.7% cellulose) and wheat. In February, 39 males were individually 
housed in cages (1x0.5x0.4m). The cages were visually isolated from each 
other, at ambient temperature and natural photoperiod, and receiving sunlight 
through the top. During individual isolation, caged birds were fed only the 
pelleted food mentioned above and water was provided ad libitum. At this 
time, individuals were randomly assigned either to an experimentally food 
restricted group (N=20) or to a control group fed ad libitum (N=19). The daily 
food intake of each partridge from the food-restricted group was calculated 
before the experiment during the first two weeks of March. Average daily 
consumption during those 15 days was considered to be the daily food intake 
of each individual. Just before the experiment started, and also upon 
completion, we measured the body mass of each bird with a Pesola spring 
balance (to the nearest 5g) and pectoral muscle thickness with an ultrasonic 
meter (Krautkramer USM22B). The latter measure has been used in several 
bird studies and it is considered to be a more reliable estimate of body 
condition than residuals of body mass on body size (Sears 1988). Prior to the 
experiment we also collected 400 µl of blood from the brachial vein in a 
heparinized syringe. All blood samples were obtained within 3 minutes after 
the bird being stressed by the perception of the researcher to avoid androgen 
and corticosterone levels being confounded by the stress of capture and 
sampling (Wingfield et al. 1997), and approximately at the same hour of the 
day (between 10:00 and 12:00 hours) to control for possible diel effects. 
Samples were kept cold and centrifuged within 8 hours, and plasma was 
stored at –20 ºC until analysis. Left tarsus size (length and width) and head 
width were also measured to the nearest 0.01mm.  
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Each bird from the food-restricted group was provided with 70% of its 
daily food intake during the first week and with 50% during the rest of the 
experiment. Body mass was measured every other day during the first two 
weeks of the experiment, and daily afterwards. Food restriction was 
maintained until 1 day after each experimental bird had lost 15% of its initial 
body mass. When a bird of the food restricted group was sampled again after 
the treatment, a randomly selected bird from the control group was also 
sampled, avoiding differences in sampling date between groups.  
The food restriction period ranged from 15 to 34 days. None of the 
variables tested (initial and final body mass, pectoral muscle thickness, 
percentage of weight lost, initial and final levels of testosterone or 
corticosterone) was correlated with the length of the food restriction period. 
Furthermore, as sampling of both experimental and control birds was paired 
(see above), any potential effect of this source of variability was statistically 
controlled in the between-group comparisons. 
In some cases we could not obtain enough plasma for the analysis of both 
androgens and corticosterone, so sample sizes vary among analysis. 
Parametric statistics were employed for all variables except for testosterone 
levels because they remained not normally distributed even after 
transformation. Paired tests were employed to analyse differences before and 
after treatments within groups. 
 
Plasma Hormone Assays 
Plasma androgen and corticosterone levels were measured by 
radioimmunoassay (RIA), described fully elsewhere (Bortolotti et al. 1996. 
Wayland et al.2002). To eliminate possible interference from plasma steroid 
binding proteins, steroid measurements were performed on reconstituted 
organic diethyl ether extracts of the plasma samples; extraction efficiency was  
found to be consistently greater than 95% for both assays. In addition to 
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cross-reacting with testosterone (100%), the antiserum used in the androgen 
RIA also displays a significant (23%) cross-reaction with 5α-
dihydrotestosterone; therefore, these RIA results are best represented as 
androgen levels rather than testosterone (Bortolotti et al. 1996). In both the 
androgen and corticosterone RIAs, serial dilutions of red-legged partridge 
plasma extracts produced displacement curves parallel to the standard curves. 
Samples were analyzed in duplicate in two separate androgen assays (intra- 
and inter-assay variations of 3.5 % CV and 8.0% CV, respectively) and one 
corticosterone assay (intra-assay variation of 8.0 % CV). The minimum 
detectable plasma androgen level was 0.084 ng ml-1.Androgen values in these 
samples ranged from the midpoint of the standard curve (50 % B/Bo = 0.33 
ng ml-1) to below the minimum detection limit for the RIA.  For statistical 
purposes, we assigned an androgen value of 0.084 ng ml-1 to those samples 
measuring below the detection limit (Bortolotti et al. 1996). The minimum 
detection limit of the corticosterone RIA was 0.16 ng ml-1. All samples 
displayed corticosterone levels well above this value, and were diluted so as to 
be measured near the mid-point (50 % B/Bo = 0.60 ng ml-1) of the 
corticosterone standard curve.  
 
Ethical Note 
Experimental investigations on the effect of critical conditions such as food 
restriction require birds to be exposed to a certain degree of physiological 
stress. To minimize unnecessary suffering or pain to study subjects we 
followed protocols in concert with Spanish laws and the veterinarian staff of 
the IREC, and priorized ethical considerations over scientific goals. All birds 
came from a legal captive population and they were individually isolated to 
allow the control of individual food intake and to avoid social interactions that 
may alter circulating androgen levels masking the effect of the physiological 
factors investigated. The imposed weight loss was similar to that of other 
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previously published studies of food restriction in birds (e.g.: Alonso-Álvarez 
& Tella 2001). Although this weight loss was important, the final body 
condition was not excessively poor, as it resulted similar to low-condition 
birds found in the farm (Pérez-Rodríguez, personal observations) or in the 
wild (Buenestado, personal communication). After the experiment, all birds 
were fed ad libitum and returned to the original communal pens when they 
recovered initial weights. None of the experimental specimens presented any 
symptom of disease during the subsequent 2-month monitoring period.  
 
RESULTS 
Control and experimental birds did not differ in any of the structural variables 
measured: tarsus length (t-test, t37=0.47, P= 0.87), tarsus width (t37=1.36, 
P=0.17) and head width (t37=0.48, P=0.62). Before starting the experimental 
food restriction, there were no differences between groups in body weight 
(t37=0.60, P=0.54) or pectoral muscle thickness (t37=0.78, P=0.43), and both 
corticosterone and androgen levels were also similar between groups (t-test, 
t36=0.63, P=0.30; Mann-Whitney U test, Z=0.91, N1=18 N2=19, P=0.36, 
respectively).  
After the food restriction period, we found a significant effect of the 
treatment on body weight (t37=11.0, P<0.001, Fig. 1) and pectoral muscle 
thickness (t37=6.10, P<0.001), showing that our experiment was effective in 
creating differences of body condition. Food-restricted birds lost a mean of 
19.5% of their initial body mass because we maintained the restriction until 
one day after each bird reached a loss of 15% (see Methods). In the food-
restricted group, both body mass and pectoral muscle thickness decreased 
(paired t-tests: t19=24.8, P<0.001; t19=5.18, P<0.001, respectively), while these 
two variables showed a significant increase in the control group (paired t-tests: 
t18=2.47, P<0.05; t18=5.26, P<0.001, respectively). All birds were moved at the 
start of the experiment from open pens where they often fly and run, to 
smaller cages where movements were limited. This decrease in activity may 
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explain the observed increases in mass and pectoral muscle thickness in 
control birds.  
Androgen levels were different between groups only after food 
shortage (Z=3.38, N1=19 N2=15, P<0.001, Fig. 2a). During the experiment, 
androgen concentrations significantly increased in the control group 
(Wilcoxon matched pairs test, Z=2,48, N=18, P<0.05) and were correlated 
with the number of days elapsed between samples before and after food 
restriction (rS=0.47, N=19, P<0.05). Both results may be explained by the 
hormonal increase expected with the approach of the breeding season. In 
contrast, androgen levels decreased in the food-restricted group (Z=2.36, 
N=14, P<0.05), and all birds had androgen concentrations below the 
detection limit of our assays (0.084 ng/ml) at the end of the experiment. 
Corticosterone levels showed significant differences between groups after 
food restriction (t32=3.37, P<0.01, Fig. 2b), with food-restricted birds having 
higher hormone levels. The experimental group showed a significant increase 
in plasma corticosterone between bothsamplings (paired t-test: t18=2.34, 
P<0.05), whereas it remained unchanged in the control group (t18=0.24, 
Figure 1. Mean±SE body mass of control (open symbols) and 
experimental birds (closed symbols) before and after food restriction.
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P=0.81). Corticosterone levels after food restriction were not related to the 
length of the experiment, either in the experimental (r=-0.26, N=15, P=0.36) 
or in the control group (r=0.14, N=19, P=0.46).  
 
DISCUSSION 
In this study we have experimentally documented condition-dependence of 
plasma androgen levels. Circulating androgens increased during the 
Figure 2. Mean+SE plasma androgen (a) and corticosterone (b) levels 
before and after food restriction. Open bars: control; closed bars: 
experimental group.
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experiment in the control group fed ad-libitum, following the expected pattern 
for seasonal breeding birds (Bottoni et al. 1993). In contrast, food-restricted 
birds suffered a significant decline in plasma androgens, parallel to 
experimentally induced body weight changes. To our knowledge this test and 
associated results are novel within the literature of experimental manipulations 
of avian body condition, although a broad body of evidence from 
observational studies suggest the ubiquity of this relationship in birds (e.g. 
Wingfield 1987, Duckworth et al. 2001, Chastel et al. 2005). Interestingly, our 
treatment also affected the expression eye lore coloration (Lorenzo-Pérez et 
al., unpublished data), a sexually dimorphic trait that seems to be involved in 
sexual selection processes in this species (Villafuerte & Negro 1998). 
In contrast to this and the above cited previous studies supporting the 
condition dependence of androgen levels, some other correlational studies 
failed to find a relationship between testosterone and body condition (e.g. 
Weatherhead et al. 1993, Foerster et al. 2002). Several reasons may explain 
these different results. For example, in the case of small passerines (e.g. 
Foerster et al. 2002) accurate estimates of body condition from body mass 
scores are difficult to obtain, because diel changes in mass can be large (Peters 
2000). Furthermore, condition-dependence in androgen levels may exist 
below a threshold value of condition, and observational studies would only 
reveal it when the sampled variance comprises individuals below that 
threshold. 
Despite the relevance of a condition-androgen link, the implications for 
honest signalling in the light of the Handicap Principle (Zahavi 1975), and 
more explicitly the Immunocompetence Handicap Hypothesis  (ICHH, 
Folstad & Karter 1992) have received little attention, and contrasts with the 
popularity of studies relating androgen production to the development of 
sexual signals. The existence of a condition-androgen link suggests that 
energetic factors may ultimately constraint testosterone-mediated sexual 
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selection, making natural variation in body condition a more basic explanation 
for individual differences in the development of sexually selected traits.  
From a mechanistic point of view, this perspective implies that either 
(1) body condition affects androgen levels, which in turn determines trait 
expression, or (2) body condition independently affects both trait expression 
and androgens, the latter two being spuriously (i.e. non-causally) correlated. 
Both alternatives are consistent with a number of published studies. With 
regards to the first, body condition in male red jungle fowl affects androgen 
levels (Ligon et al. 1990), which in turn regulate comb size and colour, 
aggressiveness and courtship behaviour, all traits involved in sexual selection 
(Ligon et al. 1990, Zuk et al. 1990). Another example is male Tungara frogs 
(Physalaemus pustulosus), which respond to supplemental food by increasing 
circulating testosterone and the likelihood of calling, a sexually selected 
behaviour (Marler & Ryan 1996). Anyway, it should be noted that body 
condition may be affected by the increase in sexual behaviour (Vehrecamp et 
al. 1989, Marler & Ryan 1996) and basal metabolic rate (Buchanan et al. 2001) 
produced by androgens, so the direction may not be one-way. The second 
mechanistic path (i.e. non-causal link between androgens and sexual traits) 
may be illustrated by feather development in barn swallows (Hirundo rustica). 
The elongated outermost tail feather is a sexually selected trait, and correlated 
with testosterone levels at breeding (Saino & Moller 1994). However, these 
feathers grow several months in advance, when androgen production is 
normally basal among birds (Hillgart & Wingfield 1997). Although the 
proximate control of testosterone on plumage trait expression has been 
demonstrated in some species (Evans et al, 2000, Peters et al, 2000) it does 
not seem to be a general rule (Kimball & Ligon 1999). In fact, Saino and 
Moller (1994) acknowledged a third factor (i.e. body condition) that could be 
related to both androgen production and feather development and cause such 
spurious result. Other studies show that stress during feather development 
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predicts fitness and overall body condition during the rest of the year 
(Bortolotti et al. 2002). Accordingly, if birds in poor body condition at moult 
are also in poor condition at breeding, testosterone during the mating season 
may correlate spuriously with ornament expression as developed earlier. 
Rather than questioning the validity of the ICHH, we want to recall 
that body condition may be the ultimate factor regulating the development of 
sexually selected traits. The ICHH relies on the immunosuppressive effects of 
testosterone, which induces the trade-off between trait expression and 
resistance to disease and parasites. In fact, Folstad and Karter (1992) pointed 
out the importance of individual’s physiological state in the trade-off between 
testosterone-dependent trait expression and health. However, they primarily 
focused on parasite infection rather than body condition per se, albeit the 
hypothetical role of parasites may be mediated by their effect on body 
condition (Gulland 1995, Hudson & Dobson 1995). But body condition 
affects the degree of immune response (Alonso-Álvarez & Tella 2001 and 
cited references) because immune defences seem to be costly to maintain and 
activate (Lochmiller & Deerenberg 2000). In addition, the negative effect of 
poor body condition on androgen production may be a physiological way of 
protecting the immune system, potentially suppressed by the associated 
chronic corticosterone titers (Dhabhar & McEwen 1997, Sapolsky et al. 2000). 
In our study, corticosterone levels were also affected by food shortage, with 
food-restricted birds having higher plasma concentrations than controls only 
after food deprivation.  
Another mainstay of the ICHH is to explain phenotypic variation by 
linking this to genetic variation generated by a rapidly changing selection 
pressure exerted by parasites via the Handicap Principle. As a result, 
individuals in a population can never converge in the optimal phenotype and 
variability is maintained making possible the evolutionary persistence of the 
system. However, a condition-dependent signalling system would also be 
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evolutionarily stable. Resources available for trait investment in each 
individual are the result of so many variables (endogenous and exogenous) 
and interactions, that it seems difficult to reach a state absent of variability. 
Genetic variability in immune traits is just one of these influencing variables 
and, other things being equal, such genetic variability could lead to differences 
between individuals in foraging abilities (e. g. due to the effect of illness) and 
be a source of variation in condition. Furthermore, environmental influences 
on condition (and further trait expression) are likely stronger compared with 
the underlying genetic variation (Kurtz & Sauer 1999). 
Interestingly, a non-linear relationship between body condition and 
immune response may conciliate the condition vs androgen constraints on trait 
development via immunosuppresion. Alonso-Álvarez & Tella (2001) found a 
threshold value of condition above of which improvements do not enhance 
immune response. A similar threshold relationship may exist between 
condition and testosterone production (see above). Thus, it is possible that the 
immunosuppression handicap acts in the upper range values of body 
condition, where immune function is mainly determined by the genetic quality 
of the individual rather than by its nutritional status. Only when individuals 
are free of the constraints imposed by nutritional status, would androgen-
mediated traits start working as real immunosuppressive handicaps signalling 
heritable quality of the immune system, as proposed by Folstad and Karter 
(1992). 
When trying to test the ICHH in natural populations, researchers 
usually do not find any association between parasite loads and testosterone 
levels (Weatherhead et al. 1993, Saino & Moller 1994) or may even find a 
negative one (Peters 2000). However, rather than an inconsistency, this is 
exactly what the hypothesis predicts, as individuals are expected to self-
regulate their hormonal levels according to their current health, the 
environment and their nutritional status. Experimental designs in which 
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testosterone levels are modified irrespective of differences in body condition 
seem to be the best way to test the ICHH without any potentially 
confounding factor. 
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ABSTRACT 
Carotenoid pigments cannot be synthesized by animals but must be ingested 
through the diet. As they seem to be a limited resource for most of groups, 
carotenoid-based ornaments are particularly interesting as possible honest 
signals of individual quality, in particular foraging efficiency and nutritional 
status. Some studies have demonstrated the condition-dependence of 
carotenoid-based plumages in birds. However, many other carotenoid-
pigmented soft parts (i.e. skin, caruncles, bills, cere, tarsus) are present in birds 
but, in comparison with plumage, little is known about these traits as 
indicators of individual quality. In this paper we experimentally show that the 
red eye ring of the red-legged partridge (Alectoris rufa), a carotenoid-based 
sexually-dimorphic trait, decreases in colour in males when they loss a 15% of 
their body mass as a response of a short period of reduction in food intake. 
We also found that, before experimental manipulation of body condition, eye 
ring redness of males was negatively related to heterophil/lymphocyte ratio 
(H/L ratio). In contrast, no any relationship between H/L ratio or 
experimental manipulation of body condition on eye ring colour was found in 
females. These results indicate that carotenoid-based eye ring colour is a 
condition-dependent trait and is related to physiological stress in male red-
legged partridges and therefore is susceptible to be employed as a honest 
signal of quality in sexual selection processes. The differences in potential 
signalling-properties of this character between sexes may be due to a greater 
selection pressure for honest advertisement in males. 
 
INTRODUCTION 
Carotenoid pigments determine the red, orange and yellow colour of many 
secondary sexual traits. Animals cannot synthesize carotenoids de novo but 
must ingest them with their food (Olson and Owens 1998). It has been 
proposed that carotenoid pigments serve as reliable signals of condition 
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because their availability in the environment may be limited, and thus, only 
good foragers would be able to accrue the pigments needed for maximum 
ornament expression (Endler 1983, Kodric-Brown 1985, Hill 1990). If energy-
rich food items are also those with higher concentration of carotenoids, good 
foragers will obtain both higher levels of carotenoids and other nutrients, 
establishing a link between nutritional status and expression of carotenoid-
based ornament. Alternatively, the most energy-rich foods may not be those 
containing the higher quantities of carotenoids. In that case, again only good 
foragers (those whose energetic demands are fulfilled) will be able to forage 
for carotenoid-rich (but energetically poor) food items, thus maintaining the 
condition-ornament expression link in a similar way. However, despite the 
widely held view that carotenoids may signal condition, few studies relating 
foraging success or efficiency and carotenoid-based ornaments have been 
published (e.g. Hill and Montgomerie 1994, Hill 2000, Casagrande et al. 2006).  
Apart from condition and foraging ability, carotenoid-dependent 
signals may be honest indicators of the health status and parasite infection of 
individuals (Lozano 1994, Møller et al. 2000), or may also signal their capacity 
to prevent such infections (Hill and Farmer 2005, Dawson and Bortolotti 
2006). Furthermore, carotenoids play important roles in immunoregulation 
and immunostimulation, lymphocyte proliferation, and free radical scavenging 
(review in Møller et al. 2000). Hence, a trade-off might be expected between 
investing carotenoids in self-maintenance versus ornament coloration, because 
individuals that are forced to fight infections would have less carotenoids 
available for signal expression (Lozano 1994, Olson and Owens 1998, Møller 
et al. 2000). 
Most of the published works linking condition and carotenoid 
coloration in birds have been performed in a few well-known model species 
that show carotenoids in their plumage (i.e. house finches (Carpodacus 
mexicanus): Hill and Montgomerie 1994, Hill 2000, or american goldfinches 
                                                                                                                                                       Capítulo 2 
 
 63
(Carduelis tristis): McGraw et al. 2005a). Although feathers could indicate 
physical condition at the time of moult, feathers cannot reflect short-term 
changes in physiological condition, because they are non-living structures. In 
contrast to feathers, soft skin parts often have the potential to change either 
colour or shape rapidly. Thus, they could provide reliable information about 
current physical condition of an individual.  
Apart of feathers, other parts of birds (i.e. skin, caruncles, bills, cere, 
tarsus) may be brightly coloured as a result of carotenoid pigmentation. 
Although there is some correlational evidence about these traits as indicators 
of body condition (e.g. Casagrande et al. 2006, Birkhead et al. 1998, Mougeot 
et al. 2007), experimental studies are scarce (Birkhead et al. 1998). In fact, 
although brightly coloured periocular rings and eye lores (eye rings hereafter) 
are amongst the most widespread ornaments in birds, few studies have tested 
their validity as signals of quality (e.g. Blount et al. 2002, Kristiansen et al. 
2006). In this sense, experimental studies in captivity where food access can 
be manipulated while other potentially confounding factors are controlled for 
are the best way to assess unambiguously the condition dependence of a 
certain ornament.  
In this paper we experimentally assess whether eye ring coloration is a 
condition-dependent trait in the red-legged partridge (Alectoris rufa), a primarily 
monogamous, small-sized galliform (Cramp and Simmons 1980). In this 
species both males and females show red coloration in the integument of bill 
and tarsi. The eye rings are also red, with colour being more intense in males 
(Villafuerte and Negro 1998). We analyzed the relationship between 
circulating levels of carotenoids and eye ring pigmentation, and the effect of 
experimentally reduced body condition on eye ring coloration in the red-
legged partridge. If eye ring pigmentation were a condition-dependent trait in 
this species, then we would expect individuals with limited access to food to 
show less pigmented eye rings than ad libitum-fed birds. Furthermore, 
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because immune status may affect carotenoid dependent ornaments, we 
predicted a negative relationship between two indices of immune system 
activation (total leukocyte counts and heterophil/lymphocyte ratio) and eye 
ring pigmentation and blood carotenoid levels. Finally, as males and females 
may differ in their signalling efforts (i.e. stronger sexual selection towards 
honest signalling may be exerted over males), we compared the effect of the 
experiment between sexes, the males being expected to meet our predictions 
better than females. 
 
METHODS 
Research protocol 
The experiment was performed in the “Dehesa de Galiana” experimental 
facilities of the Instituto de Investigación de Recursos Cinegéticos (Ciudad 
Real, central Spain), during the breeding season (March-April) of 2003. The 
partridges used in the experiment were hatched in captivity the previous year 
and were kept from December to February in two communal unisexual pens 
(8x10m) and fed with a mixture of commercial pelleted food (20% protein, 
4.5% fat, 3.7% cellulose; carotenoid content= 4.4 µg/g) and wheat. Opaque 
walls visually isolated both pens. In February, 42 males and 32 females were 
individually housed in cages (1x0.5x0.4m) whose floor was made of wire 
mesh. The cages were visually isolated from each other, at ambient 
temperature and natural photoperiod, and receiving sunlight through the top. 
At the time of individual isolation all birds were medicated against coccidia by 
adding sulfaquinoxaline, a coccidiostatic of common use in partridge farms, to 
drinking water (1ml/L during one week).  
During the individual isolation period, caged birds were fed with only 
the pelleted food mentioned above and water was provided ad libitum. At this 
time, individuals were randomly assigned either to an experimentally food 
restricted group (23 males and 17 females) or to a control group fed ad libitum 
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(19 males and 15 females).The actual location of the cages of each 
experimental was also randomized. The daily food intake of each partridge 
from the food-restricted group was calculated before the experiment during 
the first two weeks of March by adding a known amount of food and 
recovering the unconsumed portion in the feeder 24 hours later. Average daily 
consumption during those 15 days was considered to be the daily food intake 
of each individual.  
Just before the food restriction experiment started (i.e. in March, 
approximately one month after the birds were individually housed in cages), 
high resolution (2272 ×1704 pixels) digital pictures of the left side of the head 
of each bird were collected under fluorescent light illumination and against a 
white standard background. Left tarsus (to the nearest 0.01mm), body length 
and tail length (both to the nearest mm) were also measured. Tail damage is 
quite common in farm-reared birds, so its length was discounted from body 
length measurement. We also measured the body mass of each bird with a 
Pesola spring balance (to the nearest 5g), pectoral muscle thickness with an 
ultrasonic meter (Krautkramer USM22B), and took a 400 µl blood sample 
from the brachial vein using a heparinized syringe. Although plasma 
carotenoids do not show significant variations during daytime (Pérez-
Rodríguez et al. 2007), all blood samples and measurements were obtained 
approximately at the same hour of the day (between 10:00 and 12:00 hours) in 
order to avoid any bias due to sampling time in any of the parameters studied. 
Blood samples were kept cold (4ºC) and centrifuged within 8 hours, and 
plasma was stored at –20 ºC until analysis. Also, a drop of blood was smeared 
on individually marked microscope slides, air-dried and fixed in ethanol so 
that we could later count white blood cells. 
Each bird from the food-restricted group was provided with 70% of its 
daily food intake during the first week and with 50% during the rest of the 
experiment. Body mass was measured every other day during the first two 
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weeks of the experiment, and daily afterwards. Food restriction was 
maintained until 1 day after each experimental bird had lost 15% of its initial 
body mass. Then, body mass and pectoral muscle thickness where again 
measured, a second picture of the head was taken and another set of blood 
samples were collected. The imposed weight loss was similar to that of other 
previously published studies of food restriction (e.g. Totzke et al. 1999). 
Although weight loss was significant, final body mass was not lower than that 
found in some captive birds reared in captivity (L. Pérez-Rodríguez, personal 
observations) or in the wild (F. Buenestado, personal communication). 
When a bird of the food restricted group was sampled after the 
treatment, a randomly selected bird of the same sex from the control group 
was also sampled in the same way, avoiding differences in sampling date 
between groups. After the experiment, all birds were fed ad libitum and 
returned to the original communal pens where they recovered initial weights. 
 
Colour scoring 
Digital pictures of the heads of each bird were taken just before and after 
food restriction experiment. The eye ring of the red-legged partridge shows a 
striking degree of variation in the amount of bare skin around the eye 
pigmented by  carotenoids or unpigmented (i.e. showing the white-underlying 
dermis), and this is the most obvious variation between individuals in eye-ring 
coloration. In order to capture this variability (that otherwise could be 
impossible to quantify) we defined a four-level colour scale attending to the 
relative area of bare skin covered by red pigment: 1- red pigment covering 
50% or less of the eye ring, large amount of white skin visible; 2-greater 
amount of bare area covered by red pigment, but some continuous areas of 
white skin still visible; 3- almost all area covered by red pigment, only small 
spots of white skin visible; and 4-bare skin and eye ring completely covered by 
red pigment. This scale represents differences in colour that were large 
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enough to be easily detected in our entire picture set. In order to test for 
repeatability of photographing, 30 pictures were collected in duplicate and 
scored by the same person, finding a 96.6% of coincidence. Furthermore, to 
improve the reliability and robustness of the colour score, it was estimated 
independently by the same person (L.P.R.) plus another person unaware of 
the experimental design. In addition, to homogenize inter-scorer criteria, a set 
of four pictures were carefully selected to illustrate each score and were 
employed as a guide chart for scorers. Both scorers showed high repeatability 
(78 % of the scores given to the pictures were coincident, 19% of them 
differed in one point of the scale between scorers and only 3% differed in two 
points). The average value of both scorers for each bird was employed in the 
analysis. This colour scoring method allowed us to detect only great 
differences in coloration, so our results are conservative. This methodological 
approach to quantify the variability in carotenoid coloration is not new, as use 
of the relative area covered by carotenoid pigmentation (e.g. percentage of the 
plumage of several body regions covered by carotenoid-pigmented feathers) 
has been succesfully employed for years to quantify the degree of expression 
of carotenoid-based ornamentation (e.g. Hill 1992). 
Picture scoring was done blind with respect to sexual identity or 
experimental treatment of the birds by two independent scorers finding a very 
inter and intra-scorer repeatability (see electronic supplementary material). 
The average value of both scorers for each bird was employed in the analysis.  
 
Pigment assessment 
Red coloration of eye ring, bill and tarsi of the red-legged partridge is likely 
based on carotenoids. However, as red colour may be due to other pigments, 
we assessed the carotenoid nature of red teguments following the method 
proposed by McGraw et al. (2005b). 
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Carotenoids in plasma were quantified by diluting 60 µl of plasma in acetone 
(1:10). The mixture was vortexed and centrifuged at 10000 rpm for 10 
minutes to precipitate the floculant proteins. The supernatant was examined 
in a Shimadzu UV-1603 spectrophotometer and we determined the optical 
density at 446 nm, the wavelength of maximal absorbance for lutein 
(Minguez-Mosquera 1993), the most abundant carotenoid in plasma and 
commercial food of partridges. Finally, plasma carotenoid concentration 
(µg/ml) was calculated using a standard curve of lutein (Sigma Chemicals). 
 
Blood cells counts 
For leukocyte counts, blood smears were stained with Quick Panoptic (QCA 
S.A., Amposta, Spain). Ten fields of homogeneous monolayer cell density of 
each blood smear were scanned under 40x lens and the total number of white 
blood cell (WBC) was noted. The proportions of heterophils and lymphocytes 
(other cell types were less than 2% of total  leukocytes) was assessed on the 
basis of examination of 100 leukocytes under 100x lens under oil immersion. 
WBC count is a typical trait of inflammatory processes in response to 
microbial and macroparasite infections 
and may reflect current investment in immune defence (e.g. Møller 1998, 
Nunn et al. 2000). The heterophil/lymphocyte (H/L) ratio is widely used to 
estimate stress in poultry (Maxwell 1993) and also in wild birds (Birkhead et al. 
1998, Totzke et al. 1999). Blood smears were also scanned (80 fields under 
40x lens) for the presence of blood parasites, but results were negative in all 
cases. 
 
Statistics 
Whenever the variables met the assumptions of normality, homoscedasticity 
and skewness, group comparisons and correlations were performed by 
ANOVAs and Pearson correlations. If these assumptions were violated (the 
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case of eye ring color scores), Mann-Whitney U tests, Wilcoxon matched pairs 
tests and Spearman correlations were employed. To test the effect of our 
experimental treatment on body weight, pectoral muscle thickness and plasma 
carotenoids, we performed repeated measures ANOVAs with sampling time 
(before or after food restriction) as repeated measurement, and sex and 
treatment (control or food-restricted) as independent factors. In order to 
analyse in the same model the effect of food restriction on both sexes, we 
performed a two-way ANOVA with change in colour score (final minus initial 
colour score) as a dependent variable and age, treatment and their interaction 
as independent factors. WBC count and H/L ratios were adjusted to 
normality by logarithmic transformation. Sample sizes for some variables may 
vary slightly due to insufficient amount of blood collected for all laboratory 
analysis or bad quality of some blood smears. All tests are two tailed and 
reported values are means±SE. 
 
RESULTS 
Body condition, carotenoid levels and eye ring coloration 
Before the food restriction experiment started, control and food-restricted 
birds within each sex group did not differ in body length, tarsus length, body 
weight or pectoral muscle thickness (ANOVAs, all p>0.31), showing that 
groups were homogeneous in condition and morphology before the 
experimental manipulation. Similarly, both plasma carotenoids and the relative 
area of the eye ring pigmented by carotenoids did not differ between 
experimental groups either in males (plasma carotenoids: F1,37=0.79, p=0.38; 
eye ring pigmentation: Z=0.79, n1=23, n2=19, p=0.42) or females (plasma 
carotenoids: F1,28=0.67, p=0.42; eye ring pigmentation: Z=0.69, n1=17 n2=15, 
p=0.48, Fig. 1-2). Males presented both higher plasma carotenoid levels 
(F67=4.1, p=0.04) and higher eye ring colour scores (Z=3.41, n1=42, n2=32, 
p<0.001) than females (Fig. 1-2). Furthermore, eye ring colour score was 
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related to plasma carotenoid levels in males (rS=0.35, n=39, p<0.05) but not in 
females (rS=0.041, n=30, p=0.82)(Fig. 3). As daily food intake was measured 
for birds that were going to be included in the experimental food-restricted 
group, we tested whether daily food intake (and hence, daily carotenoid 
intake) determined blood carotenoid levels or the relative area of eye ring 
pigmented by carotenoids. We found that males and females did not differ in 
daily food consumption (F1,38=0.57, p=0.45), and that neither blood 
carotenoid levels (males: rP=-0.21, n=22, p=0.34; females: rP=0.22, n=16, 
p=0.39) nor eye ring pigmentation (males: rS=-0.12, n=22, p=0.59; females: 
rS=0.40, n=16, p=0.12) were related to average daily food intake. 
We found a significant effect of the treatment on body weight and 
pectoral muscle thickness as revealed by the significant interaction between 
treatment (control or food-restricted) and sampling time (before or after food 
restriction) (repeated measures ANOVA, body weight: F1,70=279.5, p<0.001; 
pectoral muscle thickness: F1,70=103.7, p<0.001) showing that our experiment 
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Figure 1. Colour score for eye rings (relative area of the eye ring pigmented by 
carotenoids) of control (closed symbols) and food restricted birds (open symbols) of 
both sexes before and after food deprivation. Males: squares, females: circles. 
Values are means±SE.
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was effective in creating differences of body condition. There were no 
significant differences between males and females in the percentage of weight 
or pectoral muscle thickness lost (sex x treatment interaction: F1,70=2.23, 
p=0.14 and F1,70=1.35, p=0.25, respectively)  
Food restriction affected the change in colour score during the 
experiment (F1,70=7.69, p=0.007), although this effect tended to be different 
for each sex (sex x treatment interaction: F1,70=3.52, p=0.06) (Fig. 1). Whereas 
control males showed a significant trend to increase their eye ring red 
coloration during the experimental period (Wilcoxon matched pairs test, 
Z=2.51, n=19, p<0.05), food restricted males showed a marginally significant 
trend to decrease (Z=1.86, n=23, p=0.06) (Fig. 1). As a result, at the end of t 
he experiment, both groups significantly differed in the relative area of the eye 
ring covered by carotenoids (Z=2.50, n1=23, n2=19, p=0.01). In contrast, after 
food shortage, food restricted and control females did not differ in colour 
scores (Z=0.05, n1=17, n2=15, p=0.95) and neither food restricted (Z=0.90, 
n=17, p=0.36) nor control females (Z=1.17, n=15, p=0.24) showed colour  
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Figure 2. Plasma carotenoids (micrograms per milliliter of plasma) of control (closed 
symbols) and food restricted birds (open symbols) of both sexes before and after food 
shortage. Males: squares, females: circles. Values are means±SE.
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variations during the experimental period (Fig. 1). As a result, after food 
restriction, colour scores of food restricted males were not significantly 
different from those of females (Z=1.07, n1=23, n2=32, p=0.28). 
 
 
Given the association between colour and blood carotenoid levels 
before food restriction, we tested the effect of our experimental treatment on 
plasma carotenoids. Food restricted and control birds had significantly 
different plasma carotenoid levels (sampling time x treatment interaction: 
F1,68=17.23, p<0.001), the pattern being similar in both sexes (sampling time x 
treatment x sex  interaction: F1,68=0.83, P=0.36)(Fig. 2) .Whereas food 
deprived individuals of both sexes showed a decrease in plasma carotenoids of 
approximately 15% of their initial levels, control birds tended to remain 
constant or even to increase  in the case of males (Fig. 2) 
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Figure 3. Relationship between plasma carotenoids (micrograms per milliliter of 
plasma) and relative area of the eye ring pigmented by carotenoids in males (closed 
circles) and females (open circles) before the experimental food restriction. 
Regression line has been added only for males, where the relationship is statistically 
significant (removing the lower left corner point does not change the results: rS=0.31, 
n=38, P=0.048).
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Leukocyte counts, coloration and carotenoids 
WBC counts and H/L ratio before food restriction did not differ between 
males and females (WBC count: F57=0.39, P=0.67; H/L ratio: F58=0.39, 
p=0.53), and  were not related to the relative area of the eye ring pigmented by 
carotenoids (males: rS=-0.11, n=33, p=0.55; females: rS=-0.22, n=26, p=0.28) 
nor to plasma carotenoids (males: rP=-0.23, n=31, p=0.21; females: rP=0.22, 
n=26, p=0.26). In contrast, H/L ratio before food restriction was significantly 
and negatively related to eye ring pigmentation in males (rS=-0.55, n=34, 
p<0.001) but not in females (rS=0.02, n=26, p=0.92)(Fig. 4). However, H/L 
ratio and circulating levels of carotenoids before food restriction were not 
significantly related (males: rP=-0.26, n=31, p=0.26; females: rP=-0.21, n=26, 
p=0.29). 
 
1
2
3
4
0,0 0,1 0,2 0,3 0,4
H/L ratio
C
ol
ou
r s
co
re
Figure 4. Relationship between H/L ratio (after log10+1 transformation) and relative 
area of the eye ring pigmented by carotenoids in males (closed circles) and females 
(open circles) before the experimental food restriction. Regression line has been 
added only for males, where the relationship is statistically significant.
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DISCUSSION 
Our experimental results supported the initial hypothesis that the relative area 
of the aye ring pigmented by carotenoids honestly reflects condition in male 
red-legged partridges. Brightly coloured eye rings are widespread across many 
avian taxa. However, their biological function has been poorly studied to date. 
Among the few examples, the yellow-orange coloration of soft parts in female 
lesser black-backed gull (Larus fuscus) was limited by carotenoid availability and 
reflected antioxidant status and potential for investment in egg production 
(Blount et al. 2002). A recent observational study by Kristiansen et al. (2006) 
reported a relationship between body condition and soft-tissue (including eye 
ring) coloration in male great black-backed gulls (Larus marinus). However, 
interestingly, such a relationship did not appear in females, as suggested by the 
marginally significant result found in the present experimental study with red-
legged partridges. 
Ornaments based on live tissues, in contrast with those expressed in 
the plumage, may change quickly according to current status to convey up-to-
date information about the individual. For instance, carotenoid-based skin 
color have been found to change within 48 hours in blue-footed booby (Sula 
nebouxi) as a response to food deprivation (Velando et al. 2006). Similarly, 
carotenoid-based colour of red grouse (Lagopus lagopus scoticus) combs 
increased 18 days after intestinal nematode removal (Martínez-Padilla et al. 
2007) and bill colour of male blackbirds (Turdus merula) significantly decreased 
during the course of a 7-day long experimental immune challenge (Faivre et al. 
2003). The eye ring colour of the male red-legged partridges of this 
experiment changed markedly in the 21.6±0.8 days during which experimental 
food restriction was performed. The most obvious explanation for the 
decrease in coloration in food-deprived birds is the fact that our food 
restriction experiment, apart from limiting the amount of nutrients available 
for birds, reduced the amount of carotenoids ingested. Eye ring colour was 
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related to circulating levels of carotenoids in males, and our treatment induced 
a decrease in plasma carotenoids in both sexes. However, although at the time 
of post-restriction sampling all food deprived birds were ingesting a 50% of 
their daily food intake (and hence 50% of carotenoids), their circulating levels 
of blood carotenoids decreased only by 15% with respect to pre-restriction 
values. One possible explanation is that food deprived birds compensated the 
reduction of carotenoids ingested by actively releasing them from body stores 
such as fat or liver (Negro et al. 2001a). Alternatively, carotenoids stored in 
body fat may have been released passively to the bloodstream when fat was 
mobilized as a result of the decrease in food intake. However, to date, it is 
unknown whether carotenoids stored in fat can be selectively mobilized when 
they are required by the bird (Negro et al. 2001a). Another possibility to 
explain the smaller than expected decrease in plasma carotenoid levels is that 
food restricted birds compensate the lower carotenoid intake by increasing 
their absortion efficiency. However, the latter seems unlikely given that 
carotenoid absortion is energetically costly (Hill 2000, McGraw et al. 2005a) 
and therefore less feasible for food-restricted birds.  
Apart from the effect of reduced amount of carotenoid ingested, other 
factors may also contribute to the condition-dependence of eye ring 
coloration in male red-legged partridges. For instance, energetically-
demanding metabolic transformations before being deposited in the 
ornament. that may not be afforded in the same way for birds in poor and 
good condition (Hill 2000, McGraw et al. 2005a). Furthermore, at least in 
males, lower body condition is associated with a decrease in testosterone 
levels (Pérez-Rodríguez et al. 2006 [capítulo 1]), which has been recently 
shown to be related to carotenoid absorption (McGraw et al. 2006, Blas et al. 
2006 [capítulo 4]), thus providing an extra way by which carotenoid-based 
coloration might be limited in males.  
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We also found that eye ring pigmentation, apart from being condition-
dependent, was negatively related to H/L ratio in males. Similar negative 
relationships between carotenoid-based coloration and H/L ratios has been 
found, for example, in greenfinches (Carduelis chloris)(Saks et al. 2003) and 
zebra finches (Taeniopygia guttata)(Birkhead et al. 1998).  However, colour score 
was not related to WBC count in either sex. Because heterophils are involved 
in the acute inflammatory response and their concentration in bloodstream 
(relative to lymphocyte number) is known to rise in response to microbial 
pathogens and high corticosterone levels, H/L ratio is a widely employed 
index of stress in birds (Maxwell 1993, Birkhead et al. 1998, Totzke et al. 
1999). Thus, our results suggest that males with higher colour scores were in 
better general health status and were suffering lower levels of physiological 
stress.  
Our finding that the amount of red in the tegument in the eye ring is 
greater in males than females is also consistent with the results of Villafuerte 
and Negro (1998), who found greater intensity of red colour in male´s eye 
rings than those of females. The sexual dimorphism in plasma carotenoids 
detected (consistent with the results of Negro et al. 2001b) is the most 
plausible and parsimonious proximate cause. However, as found in zebra 
finches (McGraw et al. 2003), these two sexual dimorphisms cannot be 
explained by different amounts of carotenoid ingested in the diet, because 
males and females did not differ in daily food intake, that, furthermore, was 
unrelated to plasma carotenoids or eye ring pigmentation. Other factors, such 
as different allocation priorities of available carotenoids between sexes or the 
effect of testosterone (McGraw et al. 2006, Blas et al. 2006 [capítulo 4]), that 
may increase carotenoid absortion ability of males, may explain sexual 
dimorphism in both carotenoid levels and eye ring carotenoid pigmentation.  
Regarding differences between sexes, our results suggested that 
condition dependent signalling (relationship between eye ring pigmentation 
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and plasma carotenoids, H/L ratio and body condition) occurs in males, but 
not in females (although sexual differences in the case of body condition 
manipulation were only marginally significant). This weaker relationship 
between trait development and individual quality in females is also expected 
from “honest advertisement” models of sexual selection (Andersson 1994). In 
polygynous species without male parental care, where selection pressure over 
males for trait development is maximal (and, in comparison, minimal in 
females), female ornamental traits are almost or totally absent. In species like 
the red-legged partridge, where monogamy  seems to be the most common 
mating-system,  and male parental care important, both sexes may show 
variable degree of ornamentation. But as males continue under greater sexual 
selection pressure, greater development of ornamental traits and greater 
honesty of signals is expected in them (Andersson 1994). Although males and 
females showed similar degree of variation in eye ring pigmentation (see Fig. 
3), we can not exclude that more accurate methods of colour measuring will 
find evidence for honest advertisement in females. 
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Efecto de la respuesta inmunitaria celular 
sobre los carotenoides en el plasma y la 
ornamentación de la perdiz roja  
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ABSTRACT 
Carotenoid-based ornaments are common sexually selected traits in 
vertebrates, particularly birds. These may act as honest signals of current 
health because carotenoids have important beneficial physiological functions 
and individuals might trade-off allocating available carotenoids to self-
maintenance or ornamental coloration. For instance, carotenoids can act as 
scavengers of free radicals, which are released during immune responses in 
order to help counter invading pathogens. Thus, circulating carotenoid levels 
could be rapidly and negatively affected by activation of the immune system, 
to the detriment of their use for ornamental coloration. We tested this 
hypothesis investigating whether a cell-mediated immune response elicited by 
subcutaneous injection of phytohaemagglutinin (PHA) affected carotenoids 
and carotenoid-based coloration in male red-legged partridges (Alectoris rufa). 
We show that 24 hours after challenge, PHA-injected birds lost significantly 
more circulating carotenoids (13% decrease) than control birds, injected with 
a phosphate buffer solution. Ornamental colour, although positively related to 
circulating carotenoids and cell-mediated immunity, did not differ between 
treatment groups 24 hours after challenge, but could be affected by more 
prolonged or frequent challenges. Our experiment shows that a local immune 
challenge rapidly decreases circulating carotenoids, consistent with the 
hypothesis that carotenoid-based signalling may reflect current health.  
 
INTRODUCTION 
Carotenoid pigments are responsible for many bright yellow, orange and red 
colours in animals that often signal individual quality and therefore may have 
evolved through sexual selection (reviews in Møller et al. 2000, Hill and 
McGraw 2006). To disentangle how and why carotenoid-based ornaments 
may have evolved and are maintained as honest sexual or social signals, the 
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mechanisms and costs associated with ornament expression must be 
understood (Andersson 1994).  
Carotenoid pigments cannot be synthesized de novo by animals but must 
be acquired through the diet, so initial research considered them as indicators 
of foraging efficiency and condition-dependent traits: good foragers would be 
able to acquire more carotenoids and therefore express more intense 
coloration (Brush and Power 1975, Endler 1983, Hill 1992, Møller et al. 2000). 
More recent studies have highlighted that carotenoids also have 
important physiological functions, and individuals thus may face a trade-off 
between allocating available carotenoids to self-maintenance versus 
ornamental coloration (Møller et al. 2000). Specifically, carotenoids have 
antioxidant and immune-enhancing properties (Lozano 1994, Olson and 
Owens 1998, Møller et al. 2000). Because of their molecular composition, 
carotenoids act as effective scavengers of free radicals, such as reactive oxygen 
and nitrogen species (Krinsky 1989). These free radicals are released during 
immune responses and help to counter invading pathogens (Halliwell and 
Gutteridge 1999). However, the toxicity of free radicals is not restricted to the 
pathogen and their overproduction may damage host tissues, leading to a 
situation of oxidative stress (Ahmad 1995). Within this context, a greater 
expression of carotenoid-based ornamentation may signal a) that the 
individual was not currently suffering an infection at the time of signal 
development and therefore had more carotenoids available for ornamentation; 
or b) that the individual has a good antioxidant system (composed by 
vitamins, enzymes and other compounds, including carotenoids) allowing it to 
fight effectively pathogenic infections while maintaining carotenoid ornament 
expression, and would be more affected in individuals with lower antioxidant 
defences (Lozano 1994, Olson and Owens 1998, Møller et al. 2000, Hartley 
and Kennedy 2004). 
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Several studies have shown that parasite infection decreases circulating 
levels of carotenoids (Allen 1992, Hõrak et al. 2004, Martínez-Padilla et al. 
2007, Mougeot et al. in press) and subsequently carotenoid ornament 
expression (Hõrak et al. 2004, Martínez-Padilla et al. 2007, Mougeot et al. in 
press). However, parasite infection does not only promote an immune 
response, but may also have collateral effects on hosts such as damages to 
tissues and impaired absorption capacity of carotenoids or other nutrients, 
obscuring the relationship between immune response per se and carotenoid 
levels. This potential problem can be clarified by means of challenging the 
immune with a novel and specific antigen. Following this approach, recent 
studies have shown that a humoral immune challenge (intraperitoneal 
injection of sheep red blood cells (SRBC)) decreased circulating carotenoids 
(McGraw and Ardia 2003, Peters et al 2004,  but see Hõrak et al. 2006) and 
carotenoid-based coloration (Faivre et al. 2003, McGraw and Ardia 2003, 
Peters et al. 2004). Similarly, the intraperitoneal injection of lipopolysaccharide 
(LPS) of Escherichi coli, which promotes an inflammatory response followed by 
antibody production, decreases plasma carotenoids (Koutsos et al. 2003, 
Alonso-Alvarez et al. 2004) and carotenoid-based coloration (Alonso-Alvarez 
et al. 2004). 
Taken together, these studies support the hypothesis that mounting an 
immune response may drain carotenoids from the blood stream and therefore 
may compromise carotenoid signalling. Nonetheless, SRBC or LPS challenge 
protocols promote a systemic response that may be activated for weeks. 
Moreover, this is only one specific type of immune response that vertebrates 
activate to prevent and combat an infection. In most cases, pathogens are 
fought at the site of entrance into the body via local inflammatory and cellular 
responses with scarce systemic implications (Roitt et al. 2001). However, the 
possible effect of a local immune response may have on circulating 
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carotenoids and coloration remains poorly known (see Costantini and 
Dell´Omo 2006). 
The phytohaemagglutinin (PHA) skin test is probably the most popular 
and widespread measure of immunocompetence used by avian ecologists 
(Smits et al. 1999, Tella et al 2002, Martin et al. 2006). A subcutaneous 
injection of PHA promotes an inflammatory response encompassing T-cell 
mediated infiltration of granulocytes, macrophages and lymphocytes, in a 
complex and dynamic process that involves both innate and acquired 
components of the immune system (Martin et al. 2006). As a result, a small 
but measurable swelling is produced during the following hours at the site of 
injection, the magnitude of which is used an index of cell-mediated 
immunocompetence. Although PHA-induced skin swelling is not a cost-free 
reaction (e.g. Alonso-Alvarez and Tella 2001), it seems to elicit a more local 
response (compared with LPS or SRBC intraperitoneal injection) with few 
relevant systemic effects (Merino et al. 1999, Hõrak et al. 2000).  
 In this study, we tested whether a local cell-mediated immune response 
reduced plasma carotenoid levels in male red-legged partridges (Alectoris rufa), 
a species with conspicuous carotenoid-based ornaments (red coloration of eye 
rings, bill and tarsi). To evaluate whether carotenoid-based ornaments in the 
red-legged partridge may act as honest signals of immunocompetence, we first 
explored the relationships between cell-mediated immunity, plasma 
carotenoids and carotenoid-based coloration. Later, in an experiment, we 
assigned males to one of two treatments: subcutaneous injection of Phosphate 
Buffer Solution (PBS), as a control, or injection of phytohaemagglutinin 
(PHA) to elicit a cell-mediated immune response. We tested whether PHA-
challenged birds would lose more circulating carotenoids than PBS-injected 
(control) birds after challenge. Furthermore, if carotenoid-based ornaments 
rapidly mirror changes in circulating carotenoids (e.g Faivre et al. 2003), we 
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also predicted that PHA-challenged birds should be less red than control birds 
after challenge.  
 
METHODS 
We conducted the experiment at the experimental facility of the Instituto de 
Investigación en Recursos Cinegéticos (Ciudad Real, central Spain), Dehesa de Galiana, 
in December 2006 on 41 six-month-old male red-legged partridges hatched 
and reared in captivity. At this age, males have reached their definitive adult 
size, are sexually mature and have completely developed their conspicuous 
carotenoid-based coloration. During the experiment, birds were individually 
housed in outdoor cages (see Pérez-Rodríguez et al 2006a [capítulo 1] for 
details on rearing and housing conditions) and fed ad-libitum with commercial 
food pellets containing 5.26 µgr of carotenoids (96% lutein) per gram of food.  
On 11 December, after a period of two weeks of adaptation to cages, 
we took a blood sample (0.8 ml) from each male. Blood was collected from 
the brachial vein of the right wing using a heparinized syringe. Blood was 
stored at 4ºC and centrifuged at 10000 rpm within 4 hours of collection. 
Plasma was then stored at -80ºC until carotenoid analysis. We also took a high 
resolution (2272×1704 pixels) digital picture of the left side of the head to 
measure bill and eye ring redness. All pictures were taken under fluorescent 
light and against a grey standard background. The distance from the digital 
camera (Nikon Coolpix 4500) to the bird was held constant (40 cm) and a 
grey standard reference (Kodak Gray Scale, Kodak, New York) was placed in 
all pictures next to the head of the bird.  
On 14 December, birds of the PHA-group (N= 24) were injected 
subcutaneously in the patagium of the left wing with 0.5 mg of PHA (Sigma-
Aldrich, ref L-8754) suspended in 0.1ml of PBS (Smits et al. 1999). Control 
birds (N=17) were injected with the same volume of PBS. Before injection, 
the thickness of the patagium was measured with a digital spessimeter 
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(Mitutoyo Absolute 547-315) to the nearest 0.01mm. 24 hours later, patagium 
thickness was again measured at the point of injection and the difference 
between initial and final measurements in PHA-injected birds was considered 
as the cell-mediated immune response (Smits et al. 1999). In both cases 
(before and 24 hours after injection) three measures of patagium thickness 
were taken. Both initial and final measurements were repeatable (intraclass 
correlation coefficients: r=0.99, F23,48=510.3, P<0.001, and r=0.99, 
F23,48=336.2, P<0.001, respectively) and therefore we used average values of 
the three measurements in the analyses. At the time of post-injection 
measurement (15 December), we collected a second blood sample of the 
brachial vein of the right wing as described above. Finally, a second set of 
digital pictures were taken on 16 December, 48 hours after PHA or PBS 
injection, in a random subsample of 29 birds (18 PHA and 11 control birds). 
Although plasma carotenoids do not show daily variations (Pérez-
Rodríguez et al. 2006b), cell-mediated immune responses may (Martínez-
Padilla 2006). For this reason, all blood samples and immune measures were 
taken at the same time of the day (1200-1500).  
 
Plasma carotenoid analysis 
Carotenoids were quantified by diluting 60 µl of plasma in acetone (1:10 
dilution). The mixture was vortexed and centrifuged at 10000rpm for 10 
minutes to precipitate the flocculent proteins. The supernatant was examined 
in a ShimadzuUV-1603 spectrophotometer and we determined the optical 
density at 446 nm, the wavelength of maximal absorbance for lutein 
(Mínguez-Mosquera 1993). Finally, plasma carotenoid concentration (µg/ml) 
was calculated using a standard curve of lutein (Sigma Chemicals). 
 
Eye and bill redness 
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We analysed digital pictures using Adobe Photoshop v 7.0. For each male, we 
calculated the RGB components of the eye ring, nostril, upper mandible and 
lower mandible separately. The intensity of carotenoid based red coloration 
(redness hereafter) was measured from these RGB components following 
previous studies with the same species (Villafuerte and Negro 1998, Blas et al. 
2006 [capítulo 4]). In order to control for any subtle differences in 
illumination between pictures, we corrected RGB values of ornaments redness 
using those from the grey reference standard (residuals of the regression of 
ornament redness over grey reference redness)  
There exists a considerable variability between birds in the relative 
proportion of bare skin around the eye covered by red pigmentation or 
showing the white skin underneath. The relative proportion of bare skin 
around the eye covered by red (carotenoid) pigmentation shows sexual 
dimorphism and is condition-dependent in this species (Pérez-Rodríguez and 
Viñuela, submitted [capítulo 2]).Therefore, for each male, we also calculated 
the percentage of the eye lore skin pigmented by carotenoids (eye ring 
pigmentation hereafter) also using Adobe Photoshop v 7.0. 
 
Statistical analyses 
For simplification and to adjust the analysis to the possible biological meaning 
of the coloured structures considered, we separated colour variables of the eye 
ring (eye ring redness and eye ring pigmentation) from those measured on the 
bill (nostril and upper and lower mandible redness), which are more 
keratinized structures. This separation is functionally meaningful since eye 
rings are soft tissues and therefore may change colour more rapidly than bill. 
To evaluate overall bill redness, we conducted a Principal Component 
Analysis on bill colour variables (nostril, upper mandible and lower mandible). 
The first Principal Component (bill PC1) explained 68% of variance, with 
nostril, upper and lower mandible redness all having positive loadings (0.61, 
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0.60 and 0.51, respectively). We thus used PC1 scores as an index of overall 
bill redness. We explored relationships between carotenoids, ornamentation 
and cell-mediated immune response using Pearson correlations. The effect of 
PHA-induced response on carotenoids or colour variables was tested using 
repeated measures ANOVAs, with sampling time (before or 24 hours after 
injection) as a repeated measure and treatment (PHA or PBS) as a fixed effect. 
All variables were normally distributed (Shapiro-Wilk tests) and all tests are 
two-tailed. 
 
RESULTS 
Plasma carotenoids, carotenoid-based coloration and cell-mediated immunity 
Eye ring redness positively correlated with eye ring pigmentation and was 
marginally related to bill redness (Table 1). All other correlations between 
colour variables were non-significant. Plasma carotenoid levels before 
experimental treatment were significantly and positively related to eye ring 
pigmentation and marginally related to bill redness, but eye ring redness was 
not significantly related to plasma carotenoids (Table 1).  
In PHA-injected birds, cell-mediated immune response (wing web 
swelling) showed a marginal positive association with plasma carotenoids 
before immune challenge. Furthermore, both eye ring redness and 
pigmentation before the experiment were significantly related to cell-mediated 
response (Table 1). 
 
Effect of PHA-induced response on plasma carotenoids and carotenoid-based coloration 
Before PHA or PBS injection, neither plasma carotenoids nor colour variables 
differed significantly between experimental and control birds (ANOVA, all 
p> 0.124). 24 hours after challenge, PHA-injected birds showed on average a 
13% decrease in plasma carotenoids (range 3.0% to -33.5%), whereas PBS 
injected birds showed no significant change (Figure 1). Changes over time in  
                                                                                                                                                       Capítulo 3 
 
 93
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
Ey
e 
rin
g 
re
dn
es
s 
Bi
ll 
re
dn
es
s 
(P
C
1)
 
C
M
I 
 
r P
 
N
 
P
 v
al
ue
 
r P
 
N
 
P
 v
al
ue
 
r P
 
N
 
P 
va
lu
e 
r P
 
N
 
P
 v
al
ue
 
C
ar
ot
en
oi
ds
 
0.
49
 
41
 
0.
00
1 
0.
12
 
41
 
0.
43
 
0.
27
 
41
 
0.
08
 
0.
39
 
24
 
0.
05
8 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
 
 
 
0.
46
 
41
 
<0
.0
1 
0.
18
 
41
 
0.
23
 
0.
48
 
24
 
<0
.0
5 
Ey
e 
rin
g 
re
dn
es
s 
 
 
 
 
 
 
0.
29
 
41
 
0.
06
 
0.
67
 
24
 
<0
.0
01
 
Bi
ll 
re
dn
es
s 
 
 
 
 
 
 
 
 
 
0.
25
 
24
 
0.
23
 
 T
ab
le
 1
. 
Pe
ar
so
n 
co
rr
el
at
io
ns
 b
et
w
ee
n 
pl
as
m
a 
ca
ro
te
no
id
le
ve
ls
 (
µg
/m
L)
 a
nd
 c
ar
ot
en
oi
d-
ba
se
d 
or
na
m
en
ta
tio
n 
(e
ye
 r
in
g 
pi
gm
en
ta
tio
n,
 e
ye
 r
in
g 
re
dn
es
s 
an
d 
bi
ll 
re
dn
es
s 
(s
ee
 M
et
ho
ds
) 
be
fo
re
 e
xp
er
im
en
ta
l 
tre
at
m
en
t, 
an
d 
ce
ll-
m
ed
ia
te
d 
im
m
un
e 
re
sp
on
se
 (C
M
I =
 w
in
g 
w
eb
 s
w
el
lin
g 
in
 m
m
).
Ta
bl
e 
2.
 R
es
ul
ts
 o
f t
he
 r
ep
ea
te
d 
m
ea
su
re
s 
AN
O
VA
s 
fo
r 
pl
as
m
a 
ca
ro
te
no
id
s
an
d 
co
lo
ur
 v
ar
ia
bl
es
 in
 r
el
at
io
n 
to
 e
xp
er
im
en
ta
l 
tre
at
m
en
t. 
Sa
m
pl
in
g 
tim
e 
(b
ef
or
e 
or
 a
fte
r) 
is
 th
e 
re
pe
at
ed
 m
ea
su
re
 a
nd
 tr
ea
tm
en
t (
PH
A 
or
 P
BS
) t
he
 fi
xe
d 
fa
ct
or
.
 
Pl
as
m
a 
ca
ro
te
no
id
s 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
Ey
e 
rin
g 
re
dn
es
s 
Bi
ll 
re
dn
es
s 
(P
C
1)
 
 
F 
d.
f. 
P 
va
lu
e 
F 
d.
f. 
P
 v
al
ue
 
F 
d.
f. 
P 
va
lu
e 
F 
d.
f. 
P
 v
al
ue
 
   
 T
im
e 
10
.4
 
1,
 4
1 
<0
.0
1 
0.
00
1 
1,
 2
6 
0.
97
 
52
.9
 
1,
 2
6 
<0
.0
01
 
81
.6
 
1,
 2
6 
<0
.0
01
 
   
 T
im
e 
× 
Tr
ea
tm
en
t 
19
.0
 
1,
 4
1 
<0
.0
01
 
0.
08
 
1,
 2
6 
0.
78
 
0.
17
 
1,
 2
6 
0.
68
 
0.
13
7 
1,
 2
6 
0.
71
 
 
 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
Ey
e 
rin
g 
re
dn
es
s 
Bi
ll 
re
dn
es
s 
(P
C
1)
 
C
M
I 
 
r P
 
N
 
P
 v
al
ue
 
r P
 
N
 
P
 v
al
ue
 
r P
 
N
 
P 
va
lu
e 
r P
 
N
 
P
 v
al
ue
 
C
ar
ot
en
oi
ds
 
0.
49
 
41
 
0.
00
1 
0.
12
 
41
 
0.
43
 
0.
27
 
41
 
0.
08
 
0.
39
 
24
 
0.
05
8 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
 
 
 
0.
46
 
41
 
<0
.0
1 
0.
18
 
41
 
0.
23
 
0.
48
 
24
 
<0
.0
5 
Ey
e 
rin
g 
re
dn
es
s 
 
 
 
 
 
 
0.
29
 
41
 
0.
06
 
0.
67
 
24
 
<0
.0
01
 
Bi
ll 
re
dn
es
s 
 
 
 
 
 
 
 
 
 
0.
25
 
24
 
0.
23
 
 T
ab
le
 1
. 
Pe
ar
so
n 
co
rr
el
at
io
ns
 b
et
w
ee
n 
pl
as
m
a 
ca
ro
te
no
id
le
ve
ls
 (
µg
/m
L)
 a
nd
 c
ar
ot
en
oi
d-
ba
se
d 
or
na
m
en
ta
tio
n 
(e
ye
 r
in
g 
pi
gm
en
ta
tio
n,
 e
ye
 r
in
g 
re
dn
es
s 
an
d 
bi
ll 
re
dn
es
s 
(s
ee
 M
et
ho
ds
) 
be
fo
re
 e
xp
er
im
en
ta
l 
tre
at
m
en
t, 
an
d 
ce
ll-
m
ed
ia
te
d 
im
m
un
e 
re
sp
on
se
 (C
M
I =
 w
in
g 
w
eb
 s
w
el
lin
g 
in
 m
m
).
 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
Ey
e 
rin
g 
re
dn
es
s 
Bi
ll 
re
dn
es
s 
(P
C
1)
 
C
M
I 
 
r P
 
N
 
P
 v
al
ue
 
r P
 
N
 
P
 v
al
ue
 
r P
 
N
 
P 
va
lu
e 
r P
 
N
 
P
 v
al
ue
 
C
ar
ot
en
oi
ds
 
0.
49
 
41
 
0.
00
1 
0.
12
 
41
 
0.
43
 
0.
27
 
41
 
0.
08
 
0.
39
 
24
 
0.
05
8 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
 
 
 
0.
46
 
41
 
<0
.0
1 
0.
18
 
41
 
0.
23
 
0.
48
 
24
 
<0
.0
5 
Ey
e 
rin
g 
re
dn
es
s 
 
 
 
 
 
 
0.
29
 
41
 
0.
06
 
0.
67
 
24
 
<0
.0
01
 
Bi
ll 
re
dn
es
s 
 
 
 
 
 
 
 
 
 
0.
25
 
24
 
0.
23
 
 T
ab
le
 1
. 
Pe
ar
so
n 
co
rr
el
at
io
ns
 b
et
w
ee
n 
pl
as
m
a 
ca
ro
te
no
id
le
ve
ls
 (
µg
/m
L)
 a
nd
 c
ar
ot
en
oi
d-
ba
se
d 
or
na
m
en
ta
tio
n 
(e
ye
 r
in
g 
pi
gm
en
ta
tio
n,
 e
ye
 r
in
g 
re
dn
es
s 
an
d 
bi
ll 
re
dn
es
s 
(s
ee
 M
et
ho
ds
) 
be
fo
re
 e
xp
er
im
en
ta
l 
tre
at
m
en
t, 
an
d 
ce
ll-
m
ed
ia
te
d 
im
m
un
e 
re
sp
on
se
 (C
M
I =
 w
in
g 
w
eb
 s
w
el
lin
g 
in
 m
m
).
Ta
bl
e 
2.
 R
es
ul
ts
 o
f t
he
 r
ep
ea
te
d 
m
ea
su
re
s 
AN
O
VA
s 
fo
r 
pl
as
m
a 
ca
ro
te
no
id
s
an
d 
co
lo
ur
 v
ar
ia
bl
es
 in
 r
el
at
io
n 
to
 e
xp
er
im
en
ta
l 
tre
at
m
en
t. 
Sa
m
pl
in
g 
tim
e 
(b
ef
or
e 
or
 a
fte
r) 
is
 th
e 
re
pe
at
ed
 m
ea
su
re
 a
nd
 tr
ea
tm
en
t (
PH
A 
or
 P
BS
) t
he
 fi
xe
d 
fa
ct
or
.
 
Pl
as
m
a 
ca
ro
te
no
id
s 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
Ey
e 
rin
g 
re
dn
es
s 
Bi
ll 
re
dn
es
s 
(P
C
1)
 
 
F 
d.
f. 
P 
va
lu
e 
F 
d.
f. 
P
 v
al
ue
 
F 
d.
f. 
P 
va
lu
e 
F 
d.
f. 
P
 v
al
ue
 
   
 T
im
e 
10
.4
 
1,
 4
1 
<0
.0
1 
0.
00
1 
1,
 2
6 
0.
97
 
52
.9
 
1,
 2
6 
<0
.0
01
 
81
.6
 
1,
 2
6 
<0
.0
01
 
   
 T
im
e 
× 
Tr
ea
tm
en
t 
19
.0
 
1,
 4
1 
<0
.0
01
 
0.
08
 
1,
 2
6 
0.
78
 
0.
17
 
1,
 2
6 
0.
68
 
0.
13
7 
1,
 2
6 
0.
71
 
 Ta
bl
e 
2.
 R
es
ul
ts
 o
f t
he
 r
ep
ea
te
d 
m
ea
su
re
s 
AN
O
VA
s 
fo
r 
pl
as
m
a 
ca
ro
te
no
id
s
an
d 
co
lo
ur
 v
ar
ia
bl
es
 in
 r
el
at
io
n 
to
 e
xp
er
im
en
ta
l 
tre
at
m
en
t. 
Sa
m
pl
in
g 
tim
e 
(b
ef
or
e 
or
 a
fte
r) 
is
 th
e 
re
pe
at
ed
 m
ea
su
re
 a
nd
 tr
ea
tm
en
t (
PH
A 
or
 P
BS
) t
he
 fi
xe
d 
fa
ct
or
.
 
Pl
as
m
a 
ca
ro
te
no
id
s 
Ey
e 
rin
g 
pi
gm
en
ta
tio
n 
Ey
e 
rin
g 
re
dn
es
s 
Bi
ll 
re
dn
es
s 
(P
C
1)
 
 
F 
d.
f. 
P 
va
lu
e 
F 
d.
f. 
P
 v
al
ue
 
F 
d.
f. 
P 
va
lu
e 
F 
d.
f. 
P
 v
al
ue
 
   
 T
im
e 
10
.4
 
1,
 4
1 
<0
.0
1 
0.
00
1 
1,
 2
6 
0.
97
 
52
.9
 
1,
 2
6 
<0
.0
01
 
81
.6
 
1,
 2
6 
<0
.0
01
 
   
 T
im
e 
× 
Tr
ea
tm
en
t 
19
.0
 
1,
 4
1 
<0
.0
01
 
0.
08
 
1,
 2
6 
0.
78
 
0.
17
 
1,
 2
6 
0.
68
 
0.
13
7 
1,
 2
6 
0.
71
 
 
Lorenzo Pérez Rodríguez                                                                                         Tesis Doctoral 
 
 94 
plasma carotenoids differed significantly between groups (significant “Time × 
Treatment” interaction; Table 2). 
Despite the effect of PHA-induced immune response on circulating 
carotenoids, none of the colour variables was affected by experimental 
treatment (Table 2). Eye ring and bill redness (PC1) increased during the 
study, but similarly so in control and PHA-challenged birds. 
Among PHA-injected birds, neither absolute nor relative (percentage of 
initial plasma carotenoids) change in plasma carotenoids were related to the 
intensity of cell-mediated immune response (Pearson correlations: rP = -0.19, 
n = 24, p = 0.35 and rP = -0.10, n = 24, p = 0.62, respectively). 
 
 
C
ha
ng
e 
in
 p
la
sm
a 
ca
ro
te
no
id
s 
(%
)
-20
-15
-10
-5
0
5
10
PBS PHA
19
24
Treatment
Figure 1. Change in circulating carotenoids (in % of pre-injection values) 24 
hours after PBS or PHA injection. Values are means ± SE. Sample size refers 
to number of males.
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DISCUSSION 
Our initial hypothesis that T-cell mediated immune activation would rapidly 
reduce circulating carotenoids was supported by the experimental results. 
Intradermal PHA injection rapidly induces an inflammation and local 
infiltration of several cell types (thrombocytes, basophils, eosinophils, 
heterophils, lymphocytes, macrophages) (Martin et al. 2006). This reaction is 
accompanied by an increase in heterophil counts in blood (Hõrak et al. 2000). 
Once activated, neutrophils/heterophils and macrophages produce reactive 
nitrogen and oxygen species (Koner et al. 1997, Nathan and Shiloh 2000, 
Coleman 2001). Given their molecular structure, carotenoids can be broken 
down at many different sites along their long conjugated aliphatic chains by 
free radicals, neutralizing them but at the expense of loosing pigmentary and 
health-related properties (Krinsky 1989, Hartley and Kennedy 2004). This 
process might explain the decrease in circulating carotenoids observed 
following the cell-mediated immune challenge. 
Although initially considered only to be related to foraging capacity 
(Brush and Power 1975, Endler 1983, Hill 1992, Møller et al. 2000), the 
validity of carotenoid-based ornaments as honest signals has been recently 
considered in the context of immune response and antioxidant status (Lozano 
1994, Olson and Owens, Møller et al. 2000). Some studies have shown that 
birds forced to mount a systemic immune response (e.g. production of 
antibodies or acute phase response) showed a decrease in plasma carotenoids, 
which may further result in a decrease in ornament expression (Faivre et al. 
2003, McGraw and Ardia 2003, Peters et al. 2004, Alonso-Alvarez et al. 2004). 
In this study we have demonstrated for the first time that a more local 
immune challenge, induced by subcutaneous injection of PHA, also rapidly 
decreases plasma carotenoids. This decrease was marked (average 13% of 
initial circulating levels) and fast, as it was detected 24 hours after PHA-
injection. 
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Another recent work (Costaintini and Dell´Omo 2006) tested the effect 
of PHA-induced immune response on plasma carotenoids, but with opposite 
results. In this other study, circulating carotenoids increased 24 hours after 
PHA-injection, together with an increase in reactive oxygen metabolites and a 
decrease in total serum antioxidant capacity. The discrepancy between our 
study and that of Constaintini and Dell´Omo (2006) may be due to age 
differences in carotenoid or antioxidant responses to immune challenge, as 
that study was conducted on nestling Eurasian kestrels Falco tinunculus. 
Another possible explanation is that carnivorous birds, that obtain less 
carotenoids per unit of food than herbivores or omnivores (Olson and Owens 
1998), have evolved antioxidant mechanisms that rely less on carotenoids than 
those of non-carnivorous species. It is also possible that the specific immune 
response triggered by PHA injection differs between taxa (Martin et al. 2006), 
thus leading to different effects on carotenoid levels. 
The clear reduction in plasma carotenoids induced by PHA injection 
did not translate, however, into rapid changes in carotenoid-based coloration. 
In fact, we found that eye ring and bill redness significantly increased during 
the 5-day period between measurements, but this increase was similar among 
control and PHA treated birds. Before our experimental treatment, we found 
significant associations between eye ring pigmentation and bill overall redness 
(marginally) and plasma carotenoids. Furthermore, a previous study (Blas et al. 
2006 [capítulo 4]) found a positive relationship between eye ring redness and 
circulating carotenoids in adult male red legged-partridges during the breeding 
season. The average decrease in plasma carotenoids among PHA injected 
birds (13%) was notable, and close to that found in adult red-legged partridges 
after a 50% of food restriction during approximately one month (Pérez-
Rodríguez and Viñuela, submitted [capítulo 2]), which had significant effects 
of eye ring pigmentation. But in the present work we did not find short-term 
effects of PHA injection on carotenoid based coloration. A possible 
                                                                                                                                                       Capítulo 3 
 
 97
explanation is that 48 hours was too short period to observe any such effect 
or that the decrease in circulating carotenoids was too small to impact on 
coloration. Although such a rapid response in carotenoid based coloration has 
been observed in other species (Velando et al. 2006, Rosen and Tarvin 2006), 
the ornaments of the red-legged partridge might require more time to reflect 
changes in circulating carotenoids. It is also possible that the cellular response 
elicited by PHA injection did not last long enough to have an impact on 
carotenoid based coloration (note that the PHA stimulated swelling usually 
disappears after two days; Smits et al. 1999). Unfortunately, we did not 
measure colour nor plasma carotenoids later than 48 hours, so we do not 
know how persistent through time was the PHA-induced decrease in plasma 
carotenoids or whether any effect of immune challenge on coloration may 
have happened later. However, it should be highlighted that subcutaneous 
injection of PHA only mimics a local attack of a potential pathogen. In case of 
a real infection, the cell mediated immune response would be extended over 
time (and surely other arms of the immune system would be also activated) 
thus increasing the magnitude and duration of the drop in circulating 
carotenoids and its potential impact on coloration. For instance, in red grouse 
Lagopus lagopus scoticus, experimental reductions of nematode parasites were 
shown to increase cell-mediated immunity (Mougeot and Redpath 2004) and 
circulating carotenoids and ornamental coloration (Martinez-Padilla et al. 
2007, Mougeot et al. in press), indicating that recurrent infections negatively 
affect cellular immunity and carotenoid availabilty and use.  
The increase in redness of bill and eye ring we detected during our 
experiment is consistent with the seasonal increase in ornament expression 
found in this species (Pérez-Rodríguez, submitted), as individuals tend to 
became redder as the mating season approaches. Thus, if there is a trade-off 
between carotenoid use in immune system and colour signalling, perhaps we 
were detecting a case in which experimental individuals prioritise investment 
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in sexual signalling, and did not reallocate carotenoids from ornaments to 
immune response. This could also explain that changes in coloration did not 
differ between PHA- and PBS-treated males.  
We found that cell mediated immunity was significantly predicted by 
eye ring coloration (redness and pigmentation), and marginally by circulating 
carotenoids. This is consistent with the results of Blas et al. (2006) [capítulo 
4] that showed a significant relationship between residual carotenoids (i.e. 
those not explained by eye ring redness) and immune response to PHA 
injection in this same species. In zebra finches (Taeniopygia guttata), McGraw 
and Ardia (2003) and Blount et al. (2003) found that carotenoid 
supplementation increased both bill redness and cell-mediated 
immuncompetence. Taken together, these results support the hypothesis that 
carotenoid-based ornaments honestly signal cell-mediated immunity, and 
support the idea that the stability of honest colour signalling is maintained 
through the dual role of carotenoids on immunocompetence and colour 
expression. However, besides the association between cell-mediated immunity 
and carotenoids, greater immune responses were not associated with greater 
decreases in plasma carotenoids (as found, for instance, by Peters et al. 2004). 
Taken together, the relationship between carotenoid based ornaments 
and cellular immunocompetence and the negative impact of mounting a cell-
mediated immune response on circulating carotenoids have important 
implications for sexual signalling. For instance, males of many species are 
often injured during male-male competition. As many of these injures may be 
superficial and susceptible to bacterial infection, they should promote local 
cell-mediated responses that would affect carotenoid levels. This may affect 
negatively carotenoid-based signalling and reduce individual performance both 
at mate choice and intrasexual competition. 
 
ACKNOWLEDGEMENTS 
                                                                                                                                                       Capítulo 3 
 
 99
We thank Nuria Samozas and Julien Terraube for their help with digital 
picture analyses and data collection. Financial support was provided by the 
Junta de Comunidades de Castilla-La Mancha (research project PAI-02-006 
and PAI-06-0112). LPR was supported by a FPU grant from the Spanish 
Ministerio de Educación y Ciencia. FM was supported by Ramon y Cajal 
fellowship, a grant from the Spanish Ministerio de Educación y Ciencia (CGL-
2005-11823) and a NERC fellowship . JB was supported by a postdoctoral i3P 
grant (Spanish Ministerio de Educación y Ciencia / European Union). GRB 
was supported by a NSERC grant. 
 
REFERENCES 
Ahmad S (1995) Oxidative stress and antioxidant defenses in biology. Chapman and 
Hall, New York. 
Allen PC (1992) Effect of coccidiosis on the distribution of dietary lutein in 
the chick. Poultry Science 71: 1457-1463. 
Alonso-Alvarez C, Tella JL (2001) Effects of experimental food restriction 
and body-mass changes on the avian T-cell-mediated immune response. 
Canadian Journal of Zoology 79: 101-105. 
Alonso-Alvarez C, Bertrand S, Devevey G, Gaillard M, Prost J, Faivre B, 
Sorci G (2004) An experimental test of the dose-dependent effect of 
carotenoids and immune activation on sexual signals and antioxidant 
activity. American Naturalist 164: 651-659. 
Andersson, M. 1994. Sexual selection. Princeton University Press, Princeton. 
Blas J, Pérez-Rodríguez L, Bortolotti GR, Viñuela J, Marchant TA (2006) 
Testosterone increases bioavailability of carotenoids: new insights into 
the honesty of sexual signaling. Proceedings of the National Academy of 
Sciences USA 103: 18633-18637. 
Lorenzo Pérez Rodríguez                                                                                         Tesis Doctoral 
 
 100 
Blount JD, Metcalfe NB, Birkhead TR, Surai PF (2003) Carotenoid 
modulation of immune function and sexual attractiveness in zebra 
finches. Science 300: 125–127. 
Brush AH, Power DM (1976) House finch pigmentation: carotenoid 
metabolism and the effect of diet. Auk 93:725-739. 
Coleman JW (2001) Nitric oxide in immunity and inflammation. International 
Immunopharmacology 1: 1397-1406. 
Costantini D, Dell´Omo (2006) Effects of T-cell-mediated immune response 
on avian oxidative stress. Comparative Biochemistry and Physiology A 145: 
137-142. 
Endler JA (1983) Natural and sexual selection on colour patterns in poeciliid 
fishes. Environmental Biology of Fishes 9: 173–190. 
Faivre B, Grégoire A, Préault M, Cézilly F, Sorci G (2003) Immune activation 
rapidly mirrored in a secondary sexual trait. Science 300: 103. 
Halliwell B, Gutteridge JMC (1999 Free radicals in biology and medicine. Oxford 
University Press, Oxford. 
Hartley RC, Kennedy MW (2004) Are carotenoids a red herring in sexual 
display? Trends in Ecology and Evolution 19: 353-354. 
Hill GE (1992) Proximate basis of variation in carotenoid pigmentation in 
male house finches. Auk 109: 1-12. 
Hill GE, McGraw KJ (2006) Bird Coloration. Mechanisms and measurements. 
Harvard University Press, London. 
Hõrak P, Ots I, Tegelmann L, Møller AP (2000) Health impact of 
phytohaemagglutinin-induced immune challenge on great tit (Parus 
major) nestlings. Canadian Journal of Zoology 78: 905-910. 
Hõrak P, Saks L, Karu U, Ots I, Surai PF, McGraw KJ (2004) How coccidian 
parasites affect health and appearance of greenfinches. Journal of Animal 
Ecology 73: 935–947.  
                                                                                                                                                       Capítulo 3 
 
 101
Hõrak P, Zilmer M,  Saks L, Ots I, Karu U, and Zilmer, K. 2006. Antioxidant 
protection, carotenoids and the costs of immune challenge in 
greenfinches. Journal of Experimental Biology 209: 4329-4338. 
Koner BC, Banerjee BD, Ray A (1997) Effects of in vivo generation of 
oxygen free radicals on immune responsiveness in rabbit. Immunology 
Letters 59: 127-131. 
Koutsos EA, Calvert CC, Klasing KC (2003) The effect of an acute phase 
response on tissue carotenoid levels of growing chickens (Gallus gallus 
domesticus). Comparative Biochemistry and Physiology A 135: 635-646. 
Krinsky NI (1989) Antioxidant functions of carotenoids. Free Radical Biology 
Medicine 7: 617-635. 
Martin LB, Han P, Lewittes J, Kuhlman JR, Klasing KC, Wikelski M (2006) 
Phytohemagglutinin (PHA) induced skin swelling in birds: histological 
support for a classic immunoecological technique. Functional Ecology 20: 
290–299. 
Martínez-Padilla J (2006) Daytime variation in T-cell-mediated immunity of 
Eurasian kestrel Falco tinnunculus nestlings. Journal of Avian Biology 37: 
419-424. 
Martínez-Padilla J, Mougeot F, Pérez-Rodríguez L, Bortolotti GR (2007) 
Nematode parasites reduce carotenoid-based signalling in male red 
grouse. Biology Letters 3: 161-164. 
McGraw KJ, Ardia DR (2003) Carotenoids, immunocompetence, and the 
information content of sexual colors: an experimental test. American 
Naturalist 162: 704-712. 
Merino S, Martínez J, Møller AP, Sanabria L, de Lope F, Pérez J, Rodríguez-
Caabeiro F (1999) Phytohaemagglutinin injection asay and physiological 
stress in house martins. Animal Behaviour 58: 219-222. 
Mínguez-Mosquera I (1993) Clorofilas y carotenoides en tecnologia de alimentos. 
Universidad de Sevilla, Sevilla 
Lorenzo Pérez Rodríguez                                                                                         Tesis Doctoral 
 
 102 
Møller AP, Biard C, Blount JD, Houston DC, Ninni P, Saino N, Surai PF 
(2000) Carotenoid-dependent signals: indicators of foraging efficiency, 
immunocompetence or detoxification ability? Avian Poultry and Biology 
Reviews 11: 137–159. 
Mougeot F, Redpath SM (2004) Sexual ornamentation relates to immune 
function in male red grouse Lagopus lagopus scoticus. Journal of Avian 
Biology 35: 425-433. 
Mougeot F, Pérez-Rodríguez L, Martinez-Padilla J, Redpath SM, Leckie F. 
Parasites, testosterone and honest carotenoid-based signaling of health. 
Functional Ecology (in press) 
Nathan C, Shiloh MU (2000) Reactive oxygen and nitrogen intermediates in 
the relationship between mammalian hosts and microbian pathogens. 
Proceedings of the National Academy of Sciences USA 97: 8841-8848. 
Olson VA, Owens IPF (1998) Costly sexual signals: are carotenoids rare, risky 
or required? Trends in Ecology and Evolution 13: 510–514. 
Pérez-Rodríguez L (submitted) Carotenoid-based ornamentation as a dynamic 
but consistent individual trait 
Pérez-Rodríguez L, Viñuela J (submitted) Carotenoid-based eye ring 
coloration honestly reveals condition in the red-legged partridge 
(Alectoris rufa)  
Pérez-Rodríguez L, Alonso-Alvarez C, Viñuela J (2006b) Repeated sampling 
but not sampling hour affects plasma carotenoid levels. Physiological and 
Biochemical Zoology 80: 250-254. 
Pérez-Rodríguez L, Blas J, Viñuela J, Marchant TA,  Bortolotti GR (2006a) 
Condition and androgen levels: are condition-dependent and 
testosterone-mediated traits two sides of the same coin?. Animal 
Behaviour 72: 97-103.  
                                                                                                                                                       Capítulo 3 
 
 103
Peters A, Delhey K, Denk A, Kempenaers B (2004) Trade-offs between 
immune investment and sexual signalling in male mallards. American 
Naturalist 164: 51-59. 
Roitt I, Brostoff J, Male D (2001) Immunology. Mosby, London. 
Rosen RF, Tarvin KA (2006 Sexual signals of the male American goldfinch. 
Ethology 108: 1008-1019. 
Smits JE, Bortolotti GR, Tella JL (1999) Simplifying the 
phytohaematogglutinin skin-test technique in studies of avian 
immunocompetence. Functional Ecology 13: 567–572. 
Tella JL, Scheuerlein A, Ricklefs RE (2002) Is cell-mediated immunity related 
to the evolution of life-history strategies in birds? Proceedings of the Royal 
Society of London Series B 269: 1059-1066. 
Velando A, Beamonte-Barrientos R, Torres R (2006) Pigment-based skin 
colour in the blue-footed booby: an honest signal of current condition 
used by females to adjust reproductive investment. Oecologia 149: 135-
142. 
Villafuerte R, Negro JJ (1998) Digital imaging for colour measurement in 
ecological research. Ecology Letters 1: 151-154. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                               CAPÍTULO 4 
 
Relación entre testosterona y disponibilidad 
fisiológica de carotenoides  
 
 
 
 
 
 
 
Blas J, Pérez-Rodríguez L, Bortolotti GR, Viñuela J, Marchant TA (2006) Testosterone 
increases bioavailability of carotenoids: new insights into the honesty of sexual signalling. 
Proceedings of the National Academy of Sciences USA 103 (49): 18633-18637. 
 
 
 
                                                                                                                                                              Capítulo 4 
 
 107
ABSTRACT 
Androgens and carotenoids each play a fundamental role in the expression of 
secondary sex traits in animals which communicate information on individual 
quality. In birds, androgens regulate song, aggression, and a variety of sexual 
ornaments and displays, while carotenoids are responsible for the red, yellow and 
orange colors of the integument. Parallel, but independent research lines suggest 
that the evolutionary stability of each signaling system stems from trade-offs with 
immune function: androgens can be immunosuppressive, and carotenoids 
diverted to coloration prevent their use as immunostimulants. Despite strong 
similarities in the patterns of sex, age and seasonal variation, social function and 
proximate control, there has been little success at integrating potential links 
between the two signaling systems. These parallel and pervasive patterns of 
natural variation led us to hypothesize that testosterone increases the availability 
of circulating carotenoids. To test this hypothesis, we manipulated testosterone 
levels of captive red-legged partridges Alectoris rufa while monitoring carotenoids, 
colour and immune function. Testosterone treatment increased over 20% the 
concentration of carotenoids in plasma and liver. Plasma carotenoids were in 
turn responsible for individual differences in coloration and immune response. 
Because carotenoid cannot be synthesized de novo, we formulated a second set of 
hypotheses regarding proximate mechanisms for the reported elevations in 
circulating carotenoids. Testosterone-mediated elevations of plasma carotenoids 
could be a consequence of increased food intake, redistribution among body 
stores or increased absorption. The analysis of food intake rates and carotenoid 
contents in the main body stores does not seem to explain alone the reported 
elevations in plasma carotenoids. The latter results may suggest that testosterone 
increase the absorption efficiency of carotenoids, although further experiments 
are needed to prove this hypothesis. Our results provide experimental evidence 
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for a link between testosterone levels and immunoenhancing carotenoids that (1) 
reconciles conflicting evidence for the immunosuppressive nature of androgens, 
(2) provides physiological grounds for a connection between two of the main 
signaling systems in animals (3) explains how these signaling systems (both 
androgen- and carotenoid-dependent sexual traits) can be evolutionary stable and 
honest, and finally (4) may explain the high prevalence of sexual dimorphism in 
carotenoid-based coloration in animals. The testosterone-carotenoid link may 
have evolved to protect males from immunosuppression, while secondarily 
allowing for the evolution of an honest signaling system of individual quality. 
 
 
INTRODUCTION 
Parallel, but independent lines of research indicate that both androgens and 
carotenoids play a major role in the development and expression of honest 
signals of individual quality among vertebrates, relevant in sexual and social 
contexts (1-14). In birds, androgens control song, aggression and a variety of 
sexual ornaments and displays (1-4), and carotenoids are bright red and yellow 
pigments of showy integument (6-12). In addition to signaling functions, 
testosterone regulates male sexual maturation and sperm production (15) and 
carotenoids have antioxidant and immune-enhancing activity (8, 9, 12, 16, 17). 
Signaling theory posits that the stability of traits conveying information on 
individual quality rely on the costs associated with signal production (18, 19) 
which prevent cheating in poor quality individuals (they are “honest” signals) 
(19). Following this reasoning, the Immunocompetence Handicap Hypothesis 
(ICHH) (20) posits that the honesty of androgen-dependent sexual traits relies on 
the immunosuppressive actions of testosterone (21, 22). Recent studies 
emphasize that carotenoid allocation to color display implies diversion away from 
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the immune and detoxification systems, once again suggesting an immunological 
basis for reliable signaling (8-10, 12, 17). Despite the strong similarities, research 
on the roles of testosterone and carotenoids in signaling individual quality has 
followed independent lines, with little success at integrating potential proximate 
links. In birds, circulating levels of both testosterone and carotenoids show 
vernal elevations that coincide with the mating season, higher values occur in 
males compared to females, and lower levels in younger compared to older 
individuals (8, 11, 15, 17, 23-25). The parallel nature of these patterns led us to 
generate a sequence of hypotheses and tests (Table 1-A) aimed at connecting the 
two research frameworks into a single system that would allow honest signaling 
of testosterone- and carotenoid-dependent traits. We first hypothesize that 
testosterone, which is produced endogenously, facilitates the availability of 
circulating carotenoids, which can not be synthesized de novo. Demonstration of 
this causal link plus the dual function of carotenoids on ornament development 
and immune function, would led us to hypothesize that the elevations of plasma 
carotenoid buffer testosterone-mediated immunosupression, providing an 
explanation for the contradictory evidence regarding the ICHH. In addition, a 
causal link between circulating testosterone and carotenoids would allow us to 
propose an integrated system of signaling individual quality: an increase in 
carotenoids triggered by androgens would be used for ornamentation rather than 
to compensate for testosterone-mediated immunosuppression, only in high-
quality individuals. The existence of such a link between androgen- and 
carotenoid-dependent traits is expected in accordance with status signaling 
theory, since a “badge of status” (e.g. carotenoid coloration) has to be consistent 
with individual behavior (e.g. aggression) to avoid social costs (26).    
As an additional goal of study, upon testing the sequence of arguments 
presented above we also introduce a second set of hypotheses (Table 1-B) aimed 
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at explaining the proximate mechanisms that could allow testosterone-dependent 
elevations in plasma carotenoids. First, a potential increase in the body energy 
demands associated with testosterone elevations may increase food intake. 
Because carotenoid availability in animals ultimately relies on dietary access (i.e. 
carotenoids cannot be synthesized de novo (6, 16)), increased food intake would 
elevate circulating carotenoids. Second, the anabolic effects testosterone could 
increase the production of reactive oxygen species and hence antioxidant 
requirement.  This could result in liberation of carotenoids from major body 
stores such as liver and fat (28, 29) into circulation. A third possibility is that 
testosterone increase the absorption efficiency of ingested carotenoids (e.g 
changing the activities of digesting enzimes or lipoprotein levels), resulting also in 
elevated plasma levels. 
We tested most of the hypotheses and predictions explained above (and 
presented in Table 1) through performing experimental manipulations of 
testosterone levels in captive red-legged partridges. In a first experiment we 
predicted an elevation of circulating carotenoids outside the mating season in 
both males and females treated with exogenous testosterone (T-birds) but not 
among sham-implanted controls (C-birds). The timing of this experiment during 
the gonadal involution period of the red-legged partridge allowed us to take 
advantage of a natural “seasonal castration” without causing interference in the 
normal physiology of birds that could be associated with highly invasive 
castration methods such as surgical gonadectomy. In a second experiment 
performed during breeding season, we studied the combined effects of 
testosterone and carotenoids on immune function and color display. Here we 
restricted hormone manipulations to males at mating, with the aim of matching 
natural conditions and drawing conclusions in a context of sexual selection. The 
latter experiment also allowed us to analyze the effects of testosterone on food 
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intake and distribution of carotenoids among body stores, in an approach at 
testing and discussing the proximate mechanisms (Table 1-B) that may allow the 
proposed link between testosterone and carotenoids. 
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RESULTS AND DISCUSSION 
Testosterone manipulation during the gonadal involution period of the red-
legged partridge (i.e. post-breeding season) elevated plasma androgen levels of T-
birds above controls (Mann-Whitney U, day 10: P<0.001, n=24; day 25: P<0.001, 
n=25; Fig. 1), and the increases were similar between males and females 
(repeated measures ANOVA: sex F1,9 = 0.146, P=0.711; day F1,9 = 13.451, 
P=0.005). Testosterone treatment produced a striking concomitant increase of 
4
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Figure 1. Changes in plasma levels of androgens (squares) and carotenoids
(circles) following treatment with exogenous testosterone (T-birds, n=11, solid 
symbols) or sham implants (C-birds, n=14, open symbols) during the 2003 
experiment. Note that both the control and testosterone-treated group pool 
individuals treated with 1, 2 or 3 sylastic implants, as the main purpose of this 
illustration is to highlight differences between treatments rather than the levels 
within treatment. Bars represent means ± SE. 
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plasma carotenoids above controls (t-test, day 10: t22=3.843, P=0.001; day 25: 
t23=4.00, P=0.001), parallel to circulating androgens (Fig. 1) and independent of 
sex (repeated measures ANOVA: sex F1,9 = 0.013, P=0.913; day F1,9 = 27.318, 
P=0.001). Our manipulation generated plasma androgen and carotenoid levels 
similar to those found in non-manipulated birds at mating (25, 27) and confirmed 
our predictions regarding a cause-effect association. 
Our second implant experiment performed during the gonadal 
recrudescence period (i.e. mating season), successfully created differences in 
hormone levels between groups (t-test: t26 = 3.519, P = 0.002), with T-birds 
showing androgen concentrations above controls until the end of the experiment 
(T-birds: 1515 pg/ml ± 530.7 SD; C-Birds: 691 pg/ml ± 683.9 SD) but again, 
well within the normal range of the species at breeding (27). The concentration 
of carotenoids in the liver and plasma of T-birds were respectively 23.1% and 
24.6% higher than those of C-birds, and no other significant difference was 
found (Table 2). Furthermore, plasma carotenoids increased by 22.1% within T-
birds relative to pre-implant levels (before implanting: 17.3 µg/ml ± 4.26 SD; 
Figure 2. Standardized change in plasma androgens (back bars), plasma 
carotenoids (gray bars) and food intake rate (white bars) following treatment 
with testosterone (T-Birds) or sham-implants (C-Birds). Error bars represent SE.
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after implanting: 21.1 µg/ml ± 3.97 SD, paired t-test, t12= - 2.64, P= 0.021), while 
they remained virtually identical in C-birds (i.e. less than 0.7% increase; before: 
17.4 µg/ml ± 3.71 SD; after: 17.5 µg/ml ± 3.08 SD, paired t-test, t14= - 0.147, P= 
0.885). To understand how the experimental differences in circulating 
carotenoids could affect fitness components, we analyzed color development and 
immune response. Because our model species displays external red coloration, we 
tested whether carotenoids in plasma and body stores predicted color expression 
in the bare integument extending from the lore to the ocular ring, a sexually 
dimorphic trait (36). Integument coloration was strongly associated with 
carotenoids in plasma (Pearson r2 = 0.42, P < 0.001, n= 28), but not in liver or 
fat (both P values > 0.1). Color was not related to testosterone manipulation (t-
test: t26 = 0.301, P=0.766), but differences should not have been expected if the 
signal conveys reliable information on the quality of the individual, and quality 
did not differ between experimental groups before or after treatment. In fact, 
while testosterone manipulation did not affect condition estimates (i.e. mass, 
pectoral muscle or fat stores, see Table 2), individual changes in body mass along 
the experiment predicted final coloration regardless of treatment (i.e. birds 
increasing body mass showed higher color development, GLM: mass change F1,25 
= 6.763, P = 0.015; treatment F1,24 = 0.044, P = 0.836; interaction F1,23 = 0.617, P 
= 0.440). A condition- rather than androgen-dependence of carotenoid allocation 
to display functions (37 [capítulo 1]) may explain inconsistent results of 
previous experimental studies (38, 39), where the confounding effects of body 
condition and food intake were not considered. Along this line, recent research 
suggests that the development of sexual traits may ultimately depend on the 
condition of the individual, which affects both androgen production and 
carotenoid use (37[capítulo 1], 40, 41). Our results may also reconcile conflicting 
evidence for the immunosuppressive nature of androgens (i.e. 
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Inmunocompetence Handicap hypothesis (20)). A recent review (42) shows that 
the immunosuppressive effect of testosterone disappears when the effect of 
multiple studies on the same species are taken into account. In addition, some 
studies report just the opposite effect of testosterone on immune function (i.e. 
testosterone may be immunoenhancing, e.g. (43)). However, since we show that 
increased levels of plasma androgens facilitate the physiological availability of 
carotenoids, the immunosuppressive effects of androgens may be buffered by the 
capacity of carotenoids to boost the immune system, and differences between 
experimental treatments should not necessarily be expected. Moreover, the trade-
off in carotenoid function between health and ornamentation (8-10, 12, 17) 
predicts that the fraction of plasma carotenoid levels not explained by coloration 
should be associated with immune response. To test this prediction, we 
calculated the carotenoid residuals from a reduced major axis regression with red 
coloration. T-cell mediated immune response CMI was unrelated to treatment or 
overall plasma carotenoids (GLM: carotenoids F1,25 = 0.068, P = 0.797; treatment 
F1,26 = 1.517, P = 0.229; interaction F1,24 = 0.004, P = 0.951, Fig 3). However, 
carotenoid residuals explained inter-individual differences in immune response 
regardless of experimental treatment (GLM: residual carotenoids F1,26 = 5.768, P 
= 0.024; treatment F1,25 = 0.052, P = 0.821; interaction F1,24 = 0.745, P = 0.396; 
Fig. 3). This result confirms the immunomodulatory role of carotenoids, and 
highlights the importance of considering their dual function (i.e. health and 
display) when testing effects on only one endpoint. In addition, it reveals the 
potentially confounding consequences of carotenoid increase when androgen 
titers are manipulated to test the ICHH. Because androgens play an essential role 
in male reproductive function across animal taxa, we suggest that the reported 
effect on carotenoid availability may be an ancestral physiological mechanism 
selected to protect the immune system. The evolution of carotenoid-based 
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signals of quality may have been derived secondarily from this association, in 
concordance with the ICHH, that good-quality individuals would allocate fewer 
carotenoids to compensate for the immunosuppressive actions of testosterone, 
providing grounds to advertise their quality by devoting the carotenoid surplus to 
ornaments. Our study results also provide an explanation for the preponderance 
0.1
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0.5
-6 -4 -2 0 2 4 6 8
Figure 3. Cell-mediated immune response (CMI) as a function of A: total plasma 
carotenoids µg/ml, and B: residual carotenoids from the regression with 
integument coloration. Open circles represent C-birds (n=15) and closed 
symbols represent T-birds (n=13).
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of sexual dichromatism in carotenoid-dependent coloration compared to melanin 
or structurally derived colors (44). We encourage further tests of our hypothesis 
in other animal models, including species without carotenoid-based color display, 
and involving different measures of immune function. The manipulation of 
testosterone levels under variable doses of dietary carotenoids will be especially 
valuable, since high doses could mask any difference in immune response while 
low doses may better reveal testosterone-mediated immunosuppression. 
With regards to the proximate mechanisms responsible for the reported 
effect of testosterone on circulating carotenoids (i.e. Table 1-B), T-birds 
maintained their intake rate very similar to pre-implant levels (before: 27.21 
g/day ± 4.68 SD; after: 27.7 g/day ± 5.19 SD). The magnitude of the slight 
increase in food consumption within T-birds (i.e. 1.8%), regardless of statistical 
significance (paired t-test: t10 = -0.247, P = 0.810) would difficultly explain alone 
the 22.1% increase in circulating carotenoids recorded within this treatment. In 
fact any difference in food intake between groups following manipulation of 
testosterone levels (t-test: t26 = 1.734, P = 0.096) was due the non-significant 
trend of C-birds to decrease food consumption along the experiment (before: 
26.9 g/day ± 5.84 SD; after: 23.6 g/day ± 4.44 SD, paired t-test: t13= 2.054, P = 
0.061). The marginal decrease in food intake among controls averaged – 11.9%, 
while circulating carotenoid remained virtually identical (i.e. less than 0.7%, see 
also Figure 2). Although we do not reject the hypothesis that food intake could 
play a role in testosterone-mediated elevations of carotenoid levels, this effect 
would difficultly explain alone the reported changes in circulating carotenoids. 
The hypothesis that testosterone increased the liberation of carotenoids from 
major body stores into the circulation did neither find support in our experiment. 
Contrary to our predictions, the concentration of carotenoids in fat deposits and 
liver were either the same or higher in T-birds compared to controls (Table 2). 
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With regards to the hypothesis that testosterone increases the absorption 
efficiency of ingested carotenoids, the length of the digestive tract is subjected to 
phenotypic plasticity in galliforms (35), although we did not find differences in 
this trait between experimental treatments (Table 2). Carotenoid absorption, 
however, could also be enhanced through elevations of plasma lipoproteins and 
changes in the activities of digestive enzymes, all of which are affected by 
testosterone (31-34). 
Until methods for the direct estimation of carotenoid absorption are 
applied (e.g. using labeled carotenoids to trace assimilation from diet to blood), 
serial measurements of plasma carotenoid levels combined with different doses 
of testosterone manipulation may help to tease apart these alternative 
explanations. If testosterone causes increased uptake of carotenoids in the gut, 
we may predict that carotenoid levels will remain elevated as long as testosterone 
 T-Birds (n=13) C-Birds (n=15)   
 Mean ± SE Mean ± SE Test statistic* P 
    Plasma carotenoids (µg/ml) 21.1 ± 1.10 17.5 ± 0.79 2.696 0.012 
    Carotenoid concentration in fat (µg/g) 6.2 ± 1.47 6.1 ± 1.27 0.068 0.946 
    Carotenoid concentration in liver (µg/g) 10.6 ± 0.80 8.6 ± 0.46 2.208 0.036 
    Intensity of red coloration 211.1 ± 1.14 210.7 ± 0.94 0.301 0.766 
    Abdominal fat deposit (g) † 1.5 ± 0.45 1.6 ± 0.36 -0.560 0.580 
    Liver mass (g) † 7.2 ± 0.53 7.3 ± 0.42 -0.259 0.798 
    Body mass (g) 486.9 ± 8.14 473.3 ± 7.30 1.247 0.224 
    Pectoral muscle thickness (mm) 23.6 ± 0.21 24.0 ± 0.30 -0.924 0.364 
    Length of digestive tract (cm) ‡ 86.2 ± 2.45 82.7 ± 2.04 1.122 0.273 
 * Between groups differences are shown as the result of two-tailed t-tests.
† t-test performed on log-transformed data
‡ T-Birds n=12; C-Birds n=14
Table 2. Effect of testosterone treatment on several morphological and physiological 
measures.
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levels remain high, and also a positive dose-dependent effect. Alternatively if 
testosterone was causing transient elevations of carotenoid levels due to 
mobilization from body stores, we would predict a decline in blood carotenoids 
over time. In any case, mechanistic hypotheses investigating the role of 
testosterone in the regulation of plasma carotenoids deserve experimental studies 
designed specifically for that purpose. Because testosterone may also promote 
increased carotenoid intake by facilitating behavioral dominance over access to 
food, individual food intake should always be controlled for.  
 
METHODS 
On 4 July 2003, during involution phase of the gonadal cycle of the red-legged 
partridge (i.e. when endogenous levels of sexual steroids are minimal (45)(27)), 13 
male and 12 female partridges were randomly assigned to experimental treatment 
and implanted with testosterone-filled (T-birds, n=11) or empty (C-birds, n=14) 
30 mm-long subcutaneous capsules. Silastic implants (Dow Corning, inner 
diameter 1.47 mm, outer diameter 1.97 mm) were sealed at both ends and filled 
with 20 µg crystalline testosterone (ICN Chemicals) or left empty. One week 
prior to manipulation all birds had low androgen levels (below 96 pg ml-1) and 
circulating carotenoids were higher in males than in females regardless of 
experimental group (ANOVA treatment F1,22=0.100,  P=0.755; sex F1,22=6.542, 
P=0.018). Our model species had not been previously subjected to hormone 
manipulations, so to explore the amount of exogenous testosterone needed to 
elevate plasma androgens within natural spring levels of males (27) we used 1, 2 
or 3 testosterone implants equally distributed between sexes. Following 
manipulation, blood samples were collected on 14 July and 29 July 2003. All the 
T-birds elevated circulating androgens well above any control bird, within the 
natural range reported for the species (i.e. range <500 pg/ml to >5000 pg/ml, 
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(27)), and according to the number of implants (mean pg/ml ± SD: 1 implant, 
899 ± 493.7; 2 implants, 1220 ± 1066.2; 3 implants, 2221 ± 923.5). Birds were 
housed in individual pens (1x0.5x0.4 m) visually isolated from each other, at 
ambient temperature and natural photoperiod in Ciudad Real (Spain), and fed ad 
libitum a 1:1 mixture of commercial pelleted food (20% protein, 4.5% fat, 3.7% 
cellulose) and wheat.  
On 7 March 2004, 28 male partridges not previously used in any 
experiment were randomly assigned to treatment and implanted with either one 
testosterone-filled (T-birds, n=13) or an empty capsule (C-birds, n=15). The 
timing of this experiment coincides with the mating period of the species, when 
gonadal size and endogenous production of sexual steroids reaches maximum 
seasonal values (27, 45). Housing conditions and location were exactly the same 
as in the previous year, although ambient temperature and photoperiod 
corresponded to natural spring values. We used a single 30 mm-long implant (20 
µg crystalline testosterone) because this was the minimal dose able to elevate 
plasma androgens in our previous experiment. One week before hormone 
manipulations we collected a blood sample to determine initial levels of 
circulating androgens and carotenoids, and we also measured body mass, pectoral 
muscle thickness (with a Krautkramer USM22B ultrasonic meter), tarsus length, 
head width and head length. Digital color pictures of the heads were taken under 
standardized conditions, and the initial intensity of red coloration of the bare lore 
and eye ring area was measured following Villafuerte and Negro (36). This 
procedure combines customized software with the use of digital imaging and 
commercial photofinishing software. Colors are quantified in a continuous scale 
of the conventional RGB color model, amenable for statistical analyses. This 
method has previously been shown to detect sexual dimorphism (undetectable 
with the unaided human eye) in the same species and color trait that we used in 
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our study (36). Pre-implant daily food consumption was estimated by offering a 
known amount of food to 25 experimental birds and collecting the remains 24 h. 
later. None of the reported pre-implant measurements showed statistically 
significant differences among experimental groups (all t-tests P >0.140). On 22 
March we measured post-implant daily food consumption by offering a known 
amount of food and collecting the remains 48 h. later. On 26 March we subjected 
all birds to a PHA skin test to estimate T-lymphocyte responsiveness following 
Smits et al. (46). The right wing web was injected subcutaneously with 0.5 mg of 
the mitogen PHA-P in 0.1 ml phosphate buffered saline. Three measures of skin 
thickness were taken with a digital micrometer (to the nearest 0.01 mm) 
immediately prior to the injection and again 24 hr later. Cell-mediated immune 
response (CMI) is presented as the logarithm of the change in mean wing web 
thickness. On 8 April we collected a second blood sample to determine post-
implant levels of circulating androgens and carotenoids, measured body mass and 
pectoral muscle thickness, and took a second set of digital pictures. Finally, on 13 
April all birds were euthanized humanely by cervical translocation. The liver and 
abdominal fat deposits were removed, weighed with a digital balance to the 
nearest 0.01 g, and frozen at -80 C to further determine carotenoid body stores. 
Abdominal fat was by far the largest body adipose deposit detected during 
necropsies, and the best indicator of overall body fat stores in galliforms (47). 
The gut and ceca were extended on a flat surface to measure total length to the 
nearest 1 mm. To avoid unnecessary suffering or pain to study subjects we 
followed protocols in concert with Spanish laws and the veterinarian staff of the 
IREC.  
 
Sample processing and determination of androgens and carotenoids 
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All blood samples were taken within 3 minutes following the removal of a bird 
from its cage. After centrifugation (8000 rpm, 10 min), plasma was stored at -80 
C until analysis. Plasma androgen levels were measured by radioimmunoassay as 
described in Bortolotti et al. (11). Steroid extraction efficiency was greater than 
95%, and samples were analyzed in duplicate in five separate assays. Intra- and 
inter-assay coefficients of variation were 5.3% and 8.0%, respectively. The 
minimum detectable androgen level was 96 pg ml-1. In order to be conservative, 
non-detectable androgen samples (corresponding to unmanipulated birds outside 
the breeding season and 8 out of 56 samples during breeding) were assumed to 
be equal to the minimum detectable dose (11). Total carotenoid concentrations 
were determined by spectrophotometry at 476 nm (11), using a standard curve of 
lutein (alphacarotene-3,3’-diol, Sigma Chemicals) and after verification through 
High Performance Liquid Chromatography HPLC that lutein was the 
predominant carotenoid pigment present in the samples (J. Blas and J. Garrido, 
unpublished data). Plasma aliquots (50µl) were diluted in 1000 µl of acetone, 
mixed, and the flocculent protein was precipitated by centrifuging the sample at 
11.000 g for 5 min. Fat and liver samples (0.2-2.0 g) were homogenized in 20 ml 
diethyl ether, sonicated for 1 min and left covered overnight. The solution was 
filtered and the residue rinsed twice with 20 ml ether, collecting extracted 
carotenoids in a glass flask. Extracts were evaporated under N2 gas stream and 
reconstituted in hexane. Optical density was determined in a Beckman-DU-7400 
spectrophotometer. 
 
Statistical analyses 
Univariant comparisons were performed by means of t-tests and paired t-tests 
when the independent variable was normally distributed, or Mann-Whitney U-
tests when normality could not be achieved by transformation. Multivariant tests 
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were performed by means of General Linear Models (GLM) where the least 
significant factors, covariates or interactions were sequentially removed following 
standard backward procedures, or by means of repeated measures ANOVA. 
Parametric tests were applied following verification of normality and 
homocedascity of the dependent variables. All tests were two-tailed with an alpha 
level of 0.05. 
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ABSTRACT 
Carotenoid-based ornaments act as signals of quality in many animal species. 
In contrast to feathers, that are relatively stable structures, carotenoid-
pigmented integuments (e.g. bills, lores, tarsi) can change colour rapidly and 
better reflect changes in physiological condition. I studied the seasonal 
variations in plasma carotenoids in red-legged partridges (Alectoris rufa) kept on 
a constant diet and free of intestinal parasites, thus controlling for the main 
environmental factors that may affect trait development. Furthermore, I 
analyzed whether seasonal changes in circulating carotenoids were mirrored 
by the carotenoid-based coloration of eye rings and bill of this species. Plasma 
carotenoids showed seasonal variations, with higher levels coinciding with the 
end of the mating and the start of the laying season. Eye ring pigmentation 
was related to plasma carotenoid levels, and changes in bill hue (but not 
changes in UV or red bill chroma) mirrored the variation in plasma 
carotenoids during the breeding season. Despite the seasonal variation, 
individual differences in eye ring pigmentation, and in the hue, UV and red 
chroma of bill were consistent throughout the breeding season. Similarly, 
individual differences in eye ring pigmentation and bill hue and red chroma 
remained consistent between consecutive years. These results suggest that 
carotenoid-based integumentary colorations act as dynamic traits but that 
accurately reflect the carotenoid-status of individuals, thus reliably indicating 
consistent differences in individual quality. Furthermore, variability in signal 
expression appears to have a relevant genetic/phenotypic basis independently 
from the influence of environmental conditions. 
 
INTRODUCTION 
Carotenoid pigments are responsible for the yellow-orange-red colorations of 
many sexual ornaments in animals and they have captured the attention of 
behavioural ecologists during the last decade as potential signals of individual 
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quality (Olson and Owens 1998). Special interest is paid to elucidate the 
proximate basis of the variability in carotenoid-based ornament expression. 
The three main hypotheses have been suggested to explain the variability and 
the cost of carotenoid ornament expression (a key point for their use as 
honest signals, Zahavi 1975). These hypotheses are: a) that carotenoids (that 
cannot be synthesized by animals and must be acquired through diet) are an 
scarce resource that is more available for good foragers; b) that carotenoids, 
apart from pigmentation, have other physiological functions (i. e. antioxidants 
and immunostimulants) and only high quality individuals (for instance, those 
free of parasites or diseases) can allocate greater amounts of carotenoids  for 
ornamentation; and c) that carotenoid may be toxic for the individual, and 
therefore only healthy individuals with prime detoxifications systems could 
manage carotenoids for ornament expression (see Olson and Owens 1998, 
Møller et al. 2000, and references given therein). Current evidence suggest that 
carotenoid-based ornaments are strongly influenced by both external (i.e. 
carotenoid availability) and internal (i.e. parasites) environment (e.g. Møller et 
al. 2000, Hill 2002). However, interindividual variability in carotenoid 
expression would remain similar to that found in the wild even when 
carotenoid access and health status are standardized (e.g. McGraw and Hill 
2001, Hadfield and Owens 2006). This suggest that intrinsic physiological or 
genetic factors affect post-consumption ability to absorb, transport, transform 
and deposit carotenoids in the ornaments, thus contributing to variability in 
carotenoid colour expression 
In birds, carotenoid-based plumage coloration has been shown to 
honestly reveal individual quality (i.e. dominance, body condition, parasite 
levels, breeding success) (review in Hill and McGraw 2006). In fact, the 
carotenoid-based plumage of some species such as the House Finch 
(Carpodacus mexicanus) constitutes one of the best known and paradigmatic 
cases of sexual signal in vertebrates (Hill 2002). However, because feathers are 
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non-living structures, their colour is only indicative of a bird´s physiological 
status at the time when feathers were grown. As moult usually takes place 
several months before mating-breeding season (except in species with 
prenuptial moult), there is a time lag between signal production and the time 
when sexual signals are used in a sexual context. This could potentially reduce 
the reliability of the signal as the quality of the bearer may have changed in 
that period of time, whereas signal expression does not. Recent studies have 
highlighted that plumage colour is not a static trait but it can change after 
moult (Ornborg et al. 2002, McGraw and Hill 2004, Figuerola and Senar 
2005). However, these changes are likely due to fading or pigment 
degradation, and it is not clear if they can be considered as adaptive changes 
informing about physiological status or condition of the bearer (but see 
Delhey et al. 2006 or Blanco et al. 2005). 
In contrast to feathers, fleshy or bare integumentary parts (i.e. cere, 
tarsus, lores, eye rings, combs, bills) often have the potential to change either 
colour or shape rapidly (Rosen and Tarvin 2006, Velando et al. 2006).Thus, 
they could provide reliable, accurate and updated information about current 
physical condition of an individual (e.g. Faivre et al. 2003, Velando et al. 2006, 
Martínez-Padilla et al. 2007). In many species, these exposed integumentary 
parts are brightly coloured by carotenoids (e.g. Negro et al. 1998, Blount et al. 
2002, Faivre et al. 2003, McGraw 2004, Velando et al 2006, Mougeot et al. 
2007). Although in recent years some studies have improved our 
understanding of the physiological and functional basis of bill coloration in a 
model species, the Zebra Finch Taenyopigia guttata (Blount et al. 2003, McGraw 
et al. 2003, McGraw et al. 2006), carotenoid pigmented integuments deserve 
more intense research particularly to clarify to what point they are dynamic 
signals indicating mainly current condition or if they may also have a genetic 
basis indicating quality independently of current environmental conditions. 
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Circulating levels of carotenoids in plasma usually show seasonal 
variations (Hill 1992, McGraw and Gregory 2004). Although these seasonal 
variations may be partially attributed to seasonal changes in diet, captivity 
experiments observed seasonal variations despite constant diet (Negro et al. 
1998, Negro et al. 2001) suggesting that others factors apart of environmental 
availability of carotenoids regulate physiological levels of these pigments. 
Furthermore, these seasonal patterns of variation seem consistent with sexual 
selection and signal production. For instance, plasma carotenoids are higher 
during moult in species that show carotenoid-based plumage pigmentation 
(Hill 1992, McGraw and Gregory 2004). In the case of species with fleshy or 
unfeathered integumentary carotenoid-based ornaments, Negro et al. (1998) 
found that plasma carotenoids in American Kestrels (Falco sparverius) peaked at 
mating season and decreased thereafter. Similarly integumentary colour was 
higher in spring (mating season) than in winter. However, in that study colour 
and plasma carotenoid sampling were not coupled, and plasma carotenoids 
were measured at four stages during the breeding season but integument 
coloration was only compared between winter and spring (Negro et al. 1998). 
Therefore, detailed studies where changes in plasma carotenoids and 
integumentary coloration are simultaneously monitored year round, and 
specially during the breeding season, are required. 
The strong environmental determination of carotenoid-based 
ornaments is at the same time the basis and a critical point for its reliability as 
honest signals. If the absolute value of a sexual trait (for instance, a plumage 
ornament) changes from one year to the next (Pärt and Qvarnström 1997, Hill 
2002), this should potentially confound the receiver about the honesty of the 
emitter´s advertisement. However, traits may still be reliable if they reflect 
current status or changes in status over the time, and if the relative differences 
between individuals are maintained over time (Greenfield and Rodríguez 
2004, Senar and Quesada 2006). Thus, the most ornamented individuals in the 
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population in one year would continue to be the most ornamented over 
following years, even though environmental conditions may change the 
average value of the population trait (Senar et al. 2002, Senar and Quesada 
2006). But, if it is so for plumage traits that remain reasonably stable between 
moults, what about integumentary colorations that may change strikingly 
whithin days or hours (Faivre et al. 2003, Rosen and Tarvin 2006, Velando et 
al. 2006)? The dynamic nature of integument carotenoid-based coloration 
could compromise the reliability of the signalling system if, in absence of 
changes of the quality of birds, within individual changes in colour jeopardizes 
the colour hierarchy of the population. Besides the capital importance of this 
issue, it has never been properly analyzed. 
In this paper I studied individual variations in plasma carotenoids and 
carotenoid-based integumentary colour within and between years in red-
legged partridges (Alectoris rufa) kept under constant diet. The red-legged 
partridge is a medium-sized galliform showing red carotenoid-based 
coloration (Pérez-Rodríguez and Viñuela, submitted [capítulo 2]) in the 
exposed integuments of tarsi, bill and eye rings. Sexual dichromatism has been 
reported for the eye rings, with males showing higher relative area of the eye 
ring covered by carotenoids (Pérez-Rodríguez and Viñuela, submitted 
[capítulo 2]), and more intense red coloration in those pigmented areas 
(Villafuerte and Negro 1998). The aims of this study were the following. First, 
to analyze whether birds of both sexes show seasonal variations in plasma 
carotenoids despite constant, and whether these variations were associated 
with changes in carotenoid-based integumentary coloration. Second, to 
analyse whether carotenoid levels and integumentary coloration varied 
consistently throughout the breeding season, that is, whether redder birds 
were consistently redder during the whole breeding season, despite seasonal 
variations. And third, to analyze whether the same applies to between year 
variations, that is, whether redder birds are consitently redder between 
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consecutive years (under controlled environmental conditions for the entire 
population), despite between year variations.  
 
METHODS 
Study design 
This study was carried out between 2002 and 2006 in a captive population of 
red-legged partridges at the facilities of Dehesa de Galiana (Instituto de Investigación 
en Recursos Cinegéticos). Birds employed in the study hatched in the spring of 
2002 and were reared in communal outdoor pens and fed with a mixture of 
commercial pelleted food (20% protein, 4.5% fat, 3.7% cellulose; carotenoid 
content: 5.26 µgr/gr) and wheat. In February 2003, 110 birds (65 males, 55 
females) were individually housed in cages (1x0.5x0.4m). At the time of 
individual isolation all birds were medicated against coccidia by adding 
sulfaquinoxaline, a coccidiostatic of common use in partridge farms, to 
drinking water (1ml/L during one week). The maintenance of birds in 
elevated cages usually prevents infection by coccidia. In any case, after the 
preventive treatment described above and throught the study period, faecal 
samples from all birds were regularly collected (every 4-5 months, 
approximately) and faecal analyses confirmed that birds were not infected by 
coccidia or helminths. The cages were visually isolated from each other, at 
ambient temperature and natural photoperiod (further details on housing 
conditions are given in Pérez-Rodríguez et al. 2006 [capítulo 1]). During 
individual isolation, caged birds were fed only the pelleted food mentioned 
above and water was provided ad libitum. These housing conditions and diet 
were maintained the same throughout the study period. 
In 2003, blood samples (aproximately 300 µl) were extracted from the 
brachial vein using heparinized syringes at the following dates: 28th November 
(year 2002), 10th February, 17th March, 8th April, 19th May and 30th October. 
Although plasma carotenoids do not show significant daytime variations 
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(Pérez-Rodríguez et al. 2007), all blood samples and measurements were 
obtained approximately at the same hour of the day (between 10:00 and 12:00 
hours) in order to avoid any bias due to sampling time. Blood samples were 
kept cold (4ºC) and centrifuged within 8 hours, and plasma was stored at –20 
ºC until carotenoid were quantified.  For the assays, 60 µl of plasma were 
diluted in acetone (1:10). The mixture was vortexed and centrifuged at 10000 
rpm for 10 minutes to precipitate the floculant proteins and the supernatant 
was examined in a Shimadzu UV-1603 spectrophotometer and the optical 
density at 446 nm was determined. Carotenoid concentrations were calculated 
using a standard curve of lutein (Sigma Chemicals). 
In addition, at the time of each blood sampling (except in November 
2002), high resolution (2272 ×1704 pixels) digital pictures of the left side of 
the head of each bird were taken under a fluorescent light illumination and 
against a white standard background to quantify eye ring carotenoid 
pigmentation (see below). 
A preliminary analysis of data obtained during 2002-2003 revealed 
seasonal variations both in plasma carotenoids and eye ring pigmentation (see 
Results and Figure 2) despite constant diet and housing conditions. I used a 
random subsample of the birds employed in 2002-2003 to perform a more 
detailed analysis of plasma carotenoids and colour variation during the 
following breeding season. The mating period of the species at this latitute 
ranges from February to late March, whereas the laying period ranges from 
April to late May (Cramp and Simmons 1980 and personal observations). For 
this purpose, and in order to cover all the breeding season from mating to 
laying, birds were sampled as described above at the following dates: 20th 
January, 3rd March, 6th April and 26th May 2004.  
Furthermore, in 2004, in order to obtain a more complete and accurate 
estimation of colour expression, apart of the colour score for eye ring 
pigmentation from digital pictures, I also measured bill colour with a 
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reflectance spectrometer (see Mougeot et al. 2007 for technical details). The 
bill was illuminated using a deuterium-halogen light source (DH2000, Top 
Sensor System) and reflectance values (in 3 nm-steps from 300 to 700 nm) 
were obtained by using a Spectralon® 99% white standard reference 
(Labsphere, Congleton). Three measurements (see repeatabilities below) of 
each bill were done in a partially dark room avoiding the effect of ambient 
light. 
To test for the consistency of plasma carotenoid levels and carotenoid-
based coloration between consecutive years, I collected blood samples, digital 
pictures and spectrometric measurements of some of these males in 2005 (7th 
April) and 2006 (4th April). This was done only for a subsample of males, but 
not for females. 
 
Eye ring colour scoring 
The eye ring of the red-legged partridge shows a striking degree of variation in 
the amount of bare skin around the eye pigmented by carotenoids or 
unpigmented (i.e. showing the white-underlying dermis). In order to capture 
this variability, that otherwise would be not considered by most commonly 
used methods to measure coloration, I defined a five-level colour scale 
attending to the relative area of bare skin covered by red pigment: 1- red 
pigment almost completely absent, restricted to the edges of the eyelid and 
with none or very few small spot of red pigment in the bare white skin around 
the eye; 2- red pigment covering 50% or less of the eye ring, large amount of 
white skin visible; 3- greater amount of bare area covered by red pigment, but 
some continuous areas of white skin still visible; 4- almost all area covered by 
red pigment, only small spots of white skin visible; and 5-bare skin and eye 
ring completely covered by red pigment. This scale represents differences in 
colour that were large enough to be easily detected in the entire picture set. 
This colour scoring method allowed me to detect only large differences in 
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coloration, so the results reported here are conservative. A similar scoring 
method has been successfully employed in this species to evaluate the 
relationship between eye ring pigmentation and body condition (Pérez 
Rodríguez and Viñuela, submitted [capítulo 2]). To evaluate scoring 
repeatability, 30 pictures were collected in duplicate and scored twice by me, 
finding a 96.6% of coincidence in scoring. Furthermore, a subsample of 75 
pictures were independently scored by me and another person unaware of the 
experimental design, finding that 78 % of the scores given to the pictures were 
coincident, 19% of them differed in one point of the scale between scorers 
and only 3% differed in two points. Thus, colour scores were reliable and 
repeatable. 
 
Bill colour variables 
Bills are not flat surfaces. Therefore, minimal changes in the angle of the 
reflectance probe may cause small changes in the spectral curve, which can be 
transposed up or down while retaining the same shape (Grill and Moore 
1998). This may affect colour chroma as it is a relative measure referred to the 
total reflectance (i.e. brightness).  Therefore, all spectra were standardized to a 
common area under the curve before calculating hue and chroma to correct 
for possible differences between curves due to measurement error (see Endler 
1990; Grill and Moore 1998; Stapley and Whiting 2006). In addition to a 
maximum of reflectance in the red wavelenght range, the bill of the red-legged 
partridge shows a lower peak of reflectance in the UV (Figure 1). As most of 
birds can see in the UV wavelenght range (Hill and McGraw 2006), this was 
also included in the study. Therefore, after brigthness standardization, I 
calculated UV-chroma (total reflectance in the 300-400 nm interval), red 
chroma (total reflectance in the 600-700 nm interval), UV hue (wavelength of 
maximum reflectance in the 300-400 nm interval) and red hue (wavelength of 
maximum slope) (Endler 1990, Grill and Moore 1998). In a preliminary 
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analysis of a subsample of birds (N=64) UV hue showed a very low 
repeatability (r=0.30, F67,136=2.3, p<0.001). Therefore I excluded this variable 
from the study. Repeatabilities (after Lessells and Boag 1987) of the other 
three color variables were high (UV chroma: r=0.77, F163,328=11.5, p<0.001; 
red chroma: r=0.81, F163,328=14.1, p<0.001; red hue: r=0.88, F163,328=23.6, 
p<0.001).  
 
 Statistical analyses 
Although data from 2002-2003 were collected from the same pool of 110 
birds, not all birds were sampled at all sampling events. Therefore, a simple 
(non-repeated) two-ways ANOVA, with sex, month and their interaction as 
fixed factors, was performed to analyse seasonal variations in plasma 
carotenoids and bill colour variables (all them met the assumptions of 
normality and homoscedasticity). In the case of eye ring colour score, a 
Generalized Linear Model (GLZ), assuming multinomial ordinal distribution 
and logit link function, was employed. 
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Figure 1. Average (±SE) reflectance curves in the 300-700 nm interval of male 
(closed circles) and female (open circles) red-legged partridge bills during the 
breeding season (January-May) of 2004.
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 In 2004, I followed a repeated-measures design. Therefore, to analyse 
the effect of sex and carotenoid levels on seasonal (January to May) variation 
bill colour variables, I used General Linear Mixed Models (MIXED procedure 
and REPEATED statement from SAS software, Littell et al. 1998). Each 
colour variable was entered as the dependent variable, whereas sex, month 
and plasma carotenoid levels, as well as all double interactions were entered as 
fixed factors. Individual identity was included as a random factor and non-
significant terms were sequentially excluded from the model using a backward 
stepwise selection. For eye ring pigmentation, a GLZ (multinomial ordinal 
distribution and logit link function) with the same fixed factors and 
interactions was performed. In the case of plasma carotenoids, I used the 
same model, but entering only sex, month and their interaction. 
 For the 2004 data, I computed inter-month correlations in plasma 
carotenoids and eye and bill colour variables using a GLM for each variable. 
The variable “1st month” was entered as independent factor, whereas the 
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Figure 2.  Variation in plasma carotenoids (columns, left axis) and eye ring 
pigmentation score (lines, right axis) in red-legged partridges from November 2002 
to October 2003. Grey columns, black circles and solid line correspond to males 
and open columns and circles and dashed lines to females. Error bars indicate SE, 
and have been omitted in colour scores for clarity.
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value of the variable analyzed in the following month was entered a covariate. 
The interaction between “1st month” and the covariable was also entered to 
test for differences in slope between years. As sexual differences were found 
in color variables and in their seasonal variations (see Results) both sexes were 
analyzed separately. A similar statistical approach was used to analyze inter-
year correlation, but entering “1st year” as a fixed factor, with the value of the 
analyzed variable in April of the first year and its value in April of the 
following year as covariable and response variable respectively. I selected this 
month for inter-year comparisons because it the period when plasma 
carotenoids and bill hue reached their maximum values (see Figure 3a, b) 
 
RESULTS 
Seasonal variations in plasma carotenoids and carotenoid-based coloration 
Plasma carotenoids showed significant seasonal variations from November 
2002 to october 2003 (F6,361=80.8, P<0.001), with  higher levels during the 
mating-breeding season (March to June) than during the rest of the year 
(Figure 2). There was no overall effect of sex nor sex x month interaction 
(F1,361=1.21, P=0.27 and F6,361=1.14, P=0.33). Eye ring pigmentation showed 
similar seasonal variations (Wald=20.0, df=5, P<0.01), males showing higher 
eye ring carotenoid pigmentation than females (Wald=32.6, df=1, P<0.001) 
(Figure 2). 
 In 2004, I tested whether a significant change in bill colour and eye ring 
pigmentation existed during the mating-breeding season, and whether this 
variation differed between sexes and was linked to changes in plasma 
carotenoid levels. Results are shown in Table 1 and Figure 3. Plasma 
carotenoids varied significantly from January to late May. Males tended to 
have higher levels in April-May, when plasma carotenoids sharply decreased in 
females but not so much in males (significant sex × month interaction, Table 
1).  
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Eye ring pigmentation did not show significant monthly variations in 
either sex, although eye ring pigmentation tended to increase in late May in 
males but not in females. These variations were significantly associated to 
variations in plasma carotenoids and the eye ring of males was overall more 
pigmented than that of females (Table 1, Figure 3). 
  Bill UV and red chroma followed parallel but totally opposed monthly 
and sexual patterns of variation (Figure 3). Male´s bills had more red chroma 
and less UV chroma than those of females, especially during January-March. 
Furthermore, monthly variations differed between sexes. The decrease in UV 
chroma and increase in red chroma from January to April was more 
pronounced in females than males (Figure 3). However, these changes were 
not related to variations in circulating carotenoids (Table 1). In contrast, bill 
hue variation was strongly associated to plasma carotenoid changes from 
January to late May, as illustrated by the similarity of their monthly patterns 
(Figure 3). Males showed higher bill hues (redder bills) than females, the later 
showing a sharp decrease in bill hue from April to late May, as found for 
plasma carotenoids. 
Despite being individually isolated, 77% of our study females started 
laying in the interval between April and May samplings (average number of 
eggs laid among layers: 4.5±2.6, range 1-9). However, I did not find significant 
correlations between the number of eggs laid and the change from April to 
May in any of the parameters studied (plasma carotenoids, eye ring 
pigmentation or bill colour variables, all p>0.24). Results were similar when 
we compared the change in these variables between females that laid vs. 
females that did not lay any egg in this interval (all p>0.31), except in the case 
of bill red hue, that showed lower changes from April to May in females that 
did not lay any egg (ANOVA, F1,14=5.59, p=0.03). 
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Inter-month and inter-year relationship in plasma carotenoids and carotenoid-based 
coloration  
Plasma carotenoids were not related between consecutive months in neither 
sex (F1,47=1.43, p=0.23 and F1,45=0.45, p=0.46, in males and females, 
respectively) (Figure 4). In contrast, I found significant positive relationships 
for eye ring pigmentation (males:Wald=20.0, df=1, p<0.001; females: 
Wald=29.4, df=1, p<0.001), bill UV chroma (males: F1,62=24.0, p<0.001; 
females: F1,46=4.28, p=0.04), bill red chroma (males: F1,62=20.8, p<0.001; 
females: F1,46=4.82, p=0.03) and bill hue (males: F1,61=32.6, p<0.001; females: 
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Figure 4. Relationship between subsequent samplings in the values of plasma 
carotenoids and carotenoid-based coloration during the breeding season of 2004. a) 
plasma carotenoid levels (µg/mL), b) eye ring colour score in males, c) eye ring colour 
score in females, d) bill UV chroma, e) bill red chroma, and f) bill hue. In all cases, closed 
circles and solid regression lines (added only when a significant relationship was 
detected) correspond to males whereas open circles and dashed regression lines 
correspond to females.  Circle size is proportional to the number of overlapping points.
Pl
as
m
a 
ca
ro
te
no
id
s
th
e
fo
llo
w
in
g
m
on
th
E
ye
rin
g
co
lo
ur
sc
or
e
th
e
fo
llo
w
in
g
m
on
th
Ey
e
rin
g
co
lo
ur
sc
or
e
th
e
fo
llo
w
in
g
m
on
th
B
ill
hu
e
th
e
fo
llo
w
in
g
m
on
th
B
ill
re
d 
ch
ro
m
a
th
e
fo
llo
w
in
g
m
on
th
B
ill
U
V
 c
hr
om
a
th
e
fo
llo
w
in
g
m
on
th
Pl
as
m
a 
ca
ro
te
no
id
s
th
e
fo
llo
w
in
g
m
on
th
E
ye
rin
g
co
lo
ur
sc
or
e
th
e
fo
llo
w
in
g
m
on
th
Ey
e
rin
g
co
lo
ur
sc
or
e
th
e
fo
llo
w
in
g
m
on
th
B
ill
hu
e
th
e
fo
llo
w
in
g
m
on
th
B
ill
re
d 
ch
ro
m
a
th
e
fo
llo
w
in
g
m
on
th
B
ill
U
V
 c
hr
om
a
th
e
fo
llo
w
in
g
m
on
th
                                                                                                                                                       Capítulo 5 
 
 147
F1,42=17.2, p<0.001) (Figure 4). Interactions between month and the 
covariable were non significant in all cases (all p>0.30). 
 Similarly, I did not find significant relationships between April values of 
consecutive years either in plasma carotenoid levels (F1,21=0.48, p=0.49) or  in 
bill UV chroma (F1,11=2.39, p=0.15) (Figure 5). In contrast, relationships were 
significant for eye ring pigmentation (Wald=12.36, df=1, p<0.001), bill red 
chroma (F1,11=6.58, p=0.02) and bill hue (F1,11=10.2, p<0.01) (Figure 5). 
Interactions between years and the covariable were non significant in all cases 
(all p>0.15). 
 
DISCUSSION 
Carotenoid-based coloration in bills, cere, tarsi, lores and other bare 
integuments is a common feature in many avian taxa. Although recent studies 
have revealed interesting aspects of their value as dynamic signals of quality 
(eg. Faivre et al. 2003; Velando et al 2006; McGraw et al. 2006; Martínez-
Padilla et al. 2007) our understanding of many functional aspects and other 
important issues of their expression is still poor. In this study I found that 
red-legged partridges show seasonal variations in plasma carotenoid levels 
despite a constant diet, and that these changes were reflected by changes in 
carotenoid-based coloration of the eye rings and bills. Ever more interesting, 
besides this dynamism in colour expression, red coloration hierarchy within 
the study population was consistent across the breeding season and between 
consecutive years. 
Although seasonal changes in plasma carotenoid levels may be 
attributed to changes in the diet of wild birds, studies on captive birds where 
diet was held constant also evidenced seasonal changes in plasma carotenoids 
(Negro et al 1998; Negro et al. 2001; this study), suggesting that internal 
factors may regulate carotenoid absorption, transport or mobilization. In red-
legged partridges, I found that plasma carotenoids and eye ring pigmentation  
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Figure 5. Relationship between 
plasma carotenoids and 
carotenoid based coloration of 
male red-legged partridges in 
April month of subsequent years. 
a) plasma carotenoid levels 
(µg/mL), b) eye ring colour score, 
c) bill UV chroma, d) bill red 
chroma,  and e) red hue. 
Regression line has been added 
only when significant relationships 
were detected. Circle size is 
proportional to the number of 
overlapping points.
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were higher during the breeding season (from March to June) in one year-old 
birds that were kept under constant diet. Similarly, in two years-old birds, 
plasma carotenoid peaked in March-April, coinciding approximately with the 
end of the mating season of the species and the start of egg laying (Cramp and 
Simmons 1980; the author, personal observation). In contrast to this, Negro 
et al. (2001) found that plasma carotenoids in this species were peaked in late 
February, strongly decreased in early April and increased again in May. 
However, as recognised by the authors, their captive population suffered a 
coccidiosis outbreak during the study period, which may have affected the 
pattern found as coccidia are known to inhibit carotenoid absortion (Allen 
1992). In the present study, all birds were medicated against coccidia and their 
faeces were routinely analysed for these and other intestinal parasites (see 
Methods), so this confusing factor was avoided. 
 In addition to plasma carotenoids, carotenoid-based bill coloration also 
changed during the breeding season (from January to late May). However, 
changes were related to plasma carotenoid variation only for bill hue, but not 
for bill UV or red chroma (Table 1). In fact, the bill hue pattern of variation 
exactly mirrored that of plasma carotenoids (Figure 3), suggesting that this 
colour variable accurately reflects the circulating levels of this pigments. Eye 
ring pigmentation was also associated to plasma carotenoid levels, although it 
did not change significantly during the breeding season. These results are 
consistent with those of Negro et al (1998), who found seasonal variations in 
plasma carotenoids and carotenoid-based integumentary colour in captive 
American Kestrels (Falco sparverius) fed at constant diet. 
The fact that plasma carotenoids and carotenoid-based ornaments were 
maximal during the breeding season and showed sexual dimorphism is 
consistent with a role in sexual selection (Negro et al. 1998). In this species, 
peak values of testosterone in males are reached in April (Botttoni et al. 1993), 
which may explain the increase in plasma carotenoids and carotenoid-based 
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coloration (McGraw et al. 2006; Blas et al. 2006 [capítulo 4]). The 
explanation is valid for both sexes, as the seasonal pattern of variation of this 
hormone is similar in females too (Carter 1992; Hirschenhauser et al. 1999). 
However, testosterone concentrations in females are much lower than in 
males. Therefore, the scarce sexual dimorphism in plasma carotenoids found 
here is not consistent a simple linear relationship between testosterone and 
carotenoids. A possible explanation is that such relationship is not linear and 
the slope decreases at high concentrations of the hormone, or that males were 
allocating a greater amount to ornaments (as reflected by the sexual 
dimorphism in colour described here), thus decreasing plasma levels up to 
those of females. Furthermore, females showed a drop in plasma carotenoids 
and bill hue from April to May. This may be explained because of carotenoid 
allocation to egg yolk formation, which has been shown to affect plasma 
carotenoids in this species (Bortolotti et al. 2003). However the overall 
association between egg laying and the degree of change in color or plasma 
carotenoids was weaker here than reported before (Bortolotti et al. 2003). This 
is likely because in the latter work birds were kept in pairs, while in our study 
they were individually isolated in cages. Therefore, females may have been 
allocating plasma carotenoids to forming egg yolks instead of ornament 
expression. However, as they could not be fertilized, and might have 
restrained final egg development, thus uncoupling carotenoid investment on 
egg production and egg laying. 
In contrast to bill red hue, bill UV and red chroma variations were not 
related to changes in plasma carotenoids during the breeding season. In fact, 
these two variables showed patterns that were totally opposed: while red 
chroma increase from January to May, UV chroma decreased. Furhermore, 
males showed on average higher red chromas and lower UV chromas (aswell 
as higher hues) than females. Other studies have reported an UV reflectance 
peak in carotenoid pigmented bills (Bennet et al. 1996; Peters et al 2004; 
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Dresp et al. 2005) and fleshy ornaments (Mougeot et al 2007). In the red 
grouse, the UV reflectance peak has been recently shown to be caused by the 
UV reflective dermis underneath the carotenoid pigmented epidermis 
(Mougeot et al 2007). Dresp et al. (2005) showed that the UV reflectance by 
the bill of king penguin (Aptenodytes patagonicus) was caused by the 
microstructure of the external layers of the bill. If the same mechanism applies 
to the red-legged partridge, it is possible that UV reflectance of the outer (and 
probably static) layers of the bill remained constant throughout the breeding 
season, whereas the carotenoid-based pigmentation of inner (metabolically 
active) bill layers increased. As chroma measurements are calculated as 
reflectance values relative to the total reflectance in the whole spectra, the 
increase reflectance in the red (600-700 nm) interval might result, as a side-
effect, in lower relative values in the UV (300-400 nm) interval (lower UV 
chroma). 
 It is intriguing that plasma carotenoid variations were associated with 
some bill colour features (i.e. hue) but not others (UV and red chroma). 
Ornament expression requires some poorly-known and energetically-
demanding metabolic transformations of ingested carotenoids (Hill 2000; 
McGraw et al. 2005) that seems to take place at the integument (McGraw 
2004). In plumage traits, both feather hue and chroma reflect its total 
carotenoid content (Saks et al. 2003) and are affected by changes in the 
relative concentration of each carotenoid type in the feather (McGraw et al. 
2004). Future studies should assess what is the relationship between colour 
features and the relative proportion, as well as the total amount, of different 
carotenoids on the bill and eye rings of the red-legged partridge and whether 
seasonal changes on carotenoid integumentary composition explain the 
observed changes on each colour feature. 
An important finding of this study is that, besides the variability 
described during the breeding season, there was a consistency in eye ring 
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pigmentation and bill colour features. Therefore, colour hierarchy within the 
study population was maintained during the whole breeding season in both 
sexes, with redder individuals remaining the redder ones January to May. 
Similarly, Dawson and Bortolotti (2006) found  correlation in integumentary 
carotenoid colour at two different phases of the reproductive season 
(prelaying and incubation) in American kestrels, colour being also a good 
predictor of parasite resistance. Furthermore, I found similar results when 
data from consecutive years were compared as those individuals with higher 
eye ring pigmentation and bill red chroma and hue (but not UV chroma) 
remained so the following year. This study is the first to show that carotenoid 
integumentary coloration is a dynamic trait that remains consistent between 
individuals (within and between years). Regarding carotenoid-based plumage 
traits, a similar inter-year correlation was found by Senar and Quesada (2006) 
in wild great tits (Parus major). However, in contrast to colour variables, I did 
not found a similar consistence in plasma carotenoid levels, neither at the 
intra-seasonal or inter-annual levels. This may be attributed to the fact that 
plasma carotenoids levels show important short term variations (due, for 
instance, to time elapsed since last food intake) that may obscure any general 
pattern of association.  
It should be noted that the hierarchy of coloration was maintained 
within the breading season and between years when all birds had ad libitum 
access to the same diet and after removal of intestinal parasites. Therefore, we 
experimentally controlled for most of the environmental factors known to 
affect carotenoids (Olson and Owens 1998, Møller et al 2000). This implies 
that inter-individual variability in colour expression was solely attributable to 
internal factors. Furthermore, since all birds remained unpaired and in the 
same housing conditions during all the study, differences in signalling effort 
between individuals due to variability in previous mating success or future 
survival or reproduction were not expected (Badyaev and Duckworth 2003). 
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Therefore, colour expression may reflect the capacity of an individual to 
absorb, transport and metabolize the ingested carotenoids and deposite them 
in the ornaments. As some of these processes may be linked to testosterone in 
both sexes (McGraw 2006; McGraw et al. 2006; Blas et al. 2006 [capítulo 2]), 
inter-individual variability in the capacity of bearing the costs of increased 
testosterone levels may be another source of variation of colour expression. In 
this respect, a dynamic signal such as integumentary carotenoid-based 
coloration, could not only provide information about current status of the 
individual, but also about its quality independently of environmental 
conditions. Future studies should target these sources of individual variability 
of colour expression when environmental factors are controlled for. 
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Comprender los mecanismos fisiológicos que regulan el desarrollo de  los 
ornamentos sexuales es un paso clave para entender cuales son los condicionantes 
de su expresión y su potencial como señales fiables de calidad individual. Esta tesis 
doctoral ha tratado de avanzar en este sentido, centrándose principalmente en la 
ornamentación basada en carotenoides. Tomando a la perdiz roja como modelo de 
estudio, hemos pretendido estudiar el efecto de los factores que, a priori, pueden 
tener más importancia en la expresión de la coloración carotenoide (y por tanto, 
aquellos sobre los que la coloración carotenoide podría estar informando). Además, 
hemos tratado de ir un paso más allá, analizando las relaciones existentes entre 
estos factores, para poder tener una visión funcional más integradora del sistema. 
 
Condición física y andrógenos 
El coste energético de producción de un ornamento o ejecución de un determinado 
comportamiento es quizás la forma más intuitiva del Principio del Hándicap 
(Zahavi 1975). Existen, de hecho, numerosos ejemplos en los que los individuos en 
mejor condición física son capaces de desarrollar ornamentos más elaborados y 
mantener una mayor tasa de ejecución de rituales de cortejo (Andersson 1994, 
Ligon 1999). Por otro lado, la hipótesis del Hándicap de la Inmunocompetencia 
hace énfasis en que muchos caracteres sexuales secundarios se desarrollan por 
mediación de la testosterona y podrían funcionar como indicadores de calidad 
gracias al hipotético efecto inmunosupresor de esta hormona (Folstad y Karter 
1992, Roberts et al. 2004). El interés despertado por esta última hipótesis ha hecho 
que muchos estudios traten de buscar una relación entre niveles de andrógenos y  
expresión de ornamentos, a menudo obviando el hecho de que los niveles 
hormonales pueden estar muy condicionados por el estado físico (por ejemplo, 
nutricional) del individuo. En el capítulo 1 de esta tesis se muestra 
experimentalmente cómo los niveles de testosterona de machos en periodo 
reproductor se ven negativamente afectados por un empeoramiento en la condición 
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física del individuo. La corticosterona, hormona clave en la respuesta fisiológica a 
las situaciones de estrés, mostró un patrón totalmente opuesto. 
 Este resultado resalta la importancia de controlar el posible efecto de la 
condición física en aquellos estudios que buscan relacionar niveles de testosterona y 
expresión del ornamento, ya que la condición física puede afectar a ambas (lo que 
llevaría a detectar relaciones espurias entre ornamentación y testosterona), o bien 
puede ser el factor último que determine, mediante su efecto sobre los andrógenos, 
la expresión de un ornamento dependiente de testosterona. Esto puede tener 
importantes implicaciones en el contexto de la selección sexual, ya que muchos 
ornamentos mediados por testosterona podrían ser, en última instancia, 
ornamentos dependientes de condición física. Incluso es posible que un mismo 
ornamento pueda informar sobre la condición física del portador o sobre la calidad 
de su sistema inmunitario según la condición física del mismo. Así, cuando nos 
movemos en los valores inferiores de un gradiente de condición física, el estado 
nutricional del animal es probablemente más determinante de su capacidad 
inmunitaria que la base genética de su inmunocompetencia. Así, en estas 
condiciones, los ornamentos mediados por testosterona están más determinados 
por el propio estado nutricional del individuo que por su capacidad inmunitaria 
genética (como sugiere el Hándicap de la Inmunocompetencia), por lo que dichos 
ornamentos funcionarían, en la práctica, como indicadores de condición física. Sin 
embargo, a medida que la condición física mejora también lo hace la capacidad 
inmunitaria (Lochmiller y Deerenberg 2000, Alonso-Álvarez y Tella 2001). Pero 
esta relación parece tener un umbral superior por encima del cual una mejora de 
condición no se traduce en una mayor capacidad inmunitaria (Alonso-Álvarez y 
Tella 2001). Por encima de dicho umbral, la capacidad inmune del individuo estaría 
determinada por la genética del mismo y no por su condición, con lo que los 
niveles de testosterona (y por tanto la expresión de los ornamentos vinculados a 
ella) estarían determinados por la calidad genética del sistema inmune del portador, 
tal y como sugiere la hipótesis del Hándicap de la Inmunocompetencia. 
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La coloración carotenoide de la perdiz roja como indicador fiable de 
condición física 
Los carotenoides no pueden ser sintetizados por los animales, por lo que éstos 
deben ingerirlos en la dieta. Esto hace que estos pigmentos sean unos buenos 
candidatos para constituir la base de señales fiables de condición física que 
informen sobre la capacidad del individuo para encontrar alimento (Endler 1983, 
Hill 2002). En el capítulo 2 de esta tesis doctoral hemos mostrado cómo un 
ornamento basado en carotenoides (y presumiblemente con capacidad de respuesta 
rápida al ser coloración tegumentaria), el anillo periocular de la perdiz roja, puede 
funcionar como señal fiable de condición física en esta especie ya que su grado de 
pigmentación se ve afectado por una reducción en la ingesta de alimento.  Aunque 
la reducción en pigmentación del anillo periocular se debiera en buena medida a la 
reducción de carotenoides totales disponibles en el organismo causada por la 
restricción alimenticia, es destacable que el descenso de carotenoides en plasma fue 
mucho menor que el descenso de ingesta de alimento. Esto sugiere que el 
organismo posee mecanismos propios que le permiten amortiguar hasta cierto 
punto la reducción de ingesta de carotenoides, como puede ser la liberación de 
dichos pigmentos desde reservorios como el hígado o la grasa. 
 Por otro lado, el efecto de la pérdida de condición sobre la pigmentación fue 
detectado en machos, pero no en hembras. Del mismo modo, dicho ornamento, 
además de relacionarse positivamente con los carotenoides circulantes, mostró una 
relación negativa con el cociente entre heterófilos y linfocitos en sangre (un 
indicador de estrés fisiológico) en machos, pero no en hembras. Estas diferencias 
entre sexos podrían sugerir la existencia de una mayor presión selectiva hacia una 
señalización fiable en machos que en hembras. Un análisis más detallado de las 
variaciones de pigmentación en respuesta a diversos factores en ambos sexos (con 
un método de estimación del color menos grosero que el empleado en el capítulo 
2) podría arrojar más luz sobre este asunto. 
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Carotenoides y activación del sistema inmunitario 
Como se ha mencionado ya en esta tesis doctoral, los ornamentos carotenoides no 
sólo pueden funcionar como señales fiables de condición física y capacidad de 
búsqueda de alimento. Dadas las propiedades antioxidantes e inmunoestimulantes 
de estos pigmentos, los ornamentos basados en carotenoides pueden estar 
relacionados con el grado de activación del sistema inmunitario, delatando posibles 
estados de infección o estrés oxidativo (Lozano 1994, Olson y Owens 1998, Møller 
et al. 2000). 
De modo correlacional, en esta tesis hemos mostrado la existencia de una 
relación positiva entre carotenoides circulantes y respuesta inmune celular 
(capítulos 3 y 4). Además de la ya mencionada relación con los niveles de estrés 
fisiológico (capítulo 2), la coloración carotenoide, al menos la del anillo periocular, 
puede funcionar como un indicador fiable de la capacidad del individuo para 
desarrollar una respuesta inmunitaria de este tipo (capítulo 3). Estos resultados 
correlacionales están en la línea de los hallazgos realizados por recientes estudios 
experimentales en los que una suplementación con carotenoides en el agua de 
bebida aumentó la coloración y la respuesta inmunitaria celular en el diamante 
mandarín (Taenyopigia guttata) (Blount et al. 2003, McGraw y Ardia 2003). 
 Por otro lado, forzar al individuo a desarrollar una respuesta inmunitaria 
celular (mediante la inyección subcutánea de fitohemaglutinina) repercutió en un 
descenso importante de los carotenoides circulantes en tan sólo 24 horas (capítulo 
3). Este resultado pone de manifiesto que incluso una respuesta inmunitaria de tipo 
celular desencadenada a nivel local puede tener importantes efectos sobre los 
niveles de carotenoides disponibles en el organismo. Si bien este descenso no tuvo 
efectos sobre la coloración carotenoide de la perdiz roja, es posible que la respuesta 
celular desencadenada por un patógeno real se mantuviera durante varios días, 
quizás activando también otras vías del sistema inmunitario, con lo que un efecto 
sobre la coloración sería más que probable. 
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Relación entre testosterona y carotenoides 
Los carotenoides y la testosterona desempeñan papeles clave en la señalización 
sexual, ocupando un lugar central en buena parte de los estudios sobre 
ornamentación realizados en los últimos años. Sin embargo, hasta  la fecha no se ha 
considerado la posibilidad de que ambas vías de señalización estén relacionadas. En 
esta tesis doctoral se ha mostrado que un aumento en los niveles de testosterona se 
traduce en un incremento de los carotenoides circulantes y que este incremento se 
produce muy probablemente por un aumento en la capacidad del individuo para 
absorber estos pigmentos de la dieta (capítulo 4). 
 Este hallazgo tiene importantes implicaciones ya que permite dar una 
explicación mecanística sencilla al dimorfismo sexual en carotenoides circulantes y 
coloración basada en carotenoides presente en muchas especies (p. ej.: Negro et al. 
1998, Negro et al. 2001a, Hill 2002, McGraw et al. 2003). Además, el efecto 
opuesto de la testosterona (inmunosupresora) y los carotenoides 
(inmunoestimulantes), plantea interesantes cuestiones. Por ejemplo, una reciente 
revisión muestra que el papel inmunosupresor de la testosterona no es tan evidente 
cuando se tiene en cuenta que los estudios que analizan este efecto se han hecho 
con un número reducido de especies modelo (Roberts et al. 2004). Es posible que 
el efecto inmunosupresor de la testosterona sea contrarrestado por el efecto 
inmunoestimulante de los carotenoides cuya concentración se ve favorecida por el 
propio aumento de testosterona. ¿Dónde podría residir entonces la honestidad de 
la ornamentación basada en carotenoides? Posiblemente los individuos de mejor 
calidad (con menos infecciones, menores niveles de estrés oxidativo) puedan 
dedicar una mayor proporción de los carotenoides disponibles (cuya concentración 
aumentará al aumentar la testosterona) a ornamentación. Por el contrario, los 
individuos de baja calidad (mala condición, mayor grado de infección, mayores 
niveles de estrés oxidativo) además de ver limitada su capacidad de aumentar los 
niveles de testosterona (capítulo 1), tendrán que destinar una mayor proporción de 
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los carotenoides disponibles a paliar los efectos negativos de ésta hormona (como 
el agravamiento de las infecciones por patógenos), con lo que tendrán menos 
carotenoides disponibles para dedicar a coloración. 
 Esta situación sugiere además un posible escenario para la evolución de los 
ornamentos basados en carotenoides. Dado el papel relevante de la testosterona en 
la función reproductiva masculina, es posible que el efecto mostrado por dicha 
hormona sobre los carotenoides disponibles sea una condición ancestral 
seleccionada positivamente para proteger al sistema inmunitario. De forma 
secundaria, los individuos de mejor calidad (aquellos con un mejor sistema 
inmunitario, por ejemplo) necesitarían dedicar menos carotenoides a contrarrestar 
los efectos de la testosterona, con lo que este exceso de pigmentos podría 
depositarse en los ornamentos.  
 
La ornamentación basada en carotenoides como un carácter individual  
dinámico pero consistente 
Si la ornamentación carotenoide es costosa de producir, es esperable que los 
individuos tiendan a maximizar su expresión sólo en aquellas épocas donde sea más 
útil (es decir, durante el periodo reproductor). En el capítulo 5 de esta tesis se ha 
mostrado cómo, pese a estar libres de parásitos intestinales y disponer de alimento 
constante y ad libitum, tanto machos como hembras de perdiz roja muestran una 
variación estacional en los niveles de carotenoides circulantes y en la coloración 
basada en ellos, con máximos a mitad del periodo reproductor. Este resultado 
también sugiere indirectamente que dicha coloración es un rasgo claramente 
relacionado con el emparejamiento y la reproducción. El patrón de variación 
estacional que hemos encontrado es ligeramente diferente al descrito para esta 
especie anteriormente (Negro et al. 2001a), si bien en este último estudio el efecto 
de la infección por coccidios no pudo descartarse. 
 Estos resultados destacan aún más el carácter dinámico de la coloración 
tegumentaria basada en carotenoides, que el animal pude modular a lo largo del 
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año. Sin embargo, este dinamismo podría ser contraproducente desde el punto de 
vista de la señalización fiable si, permaneciendo las condiciones constantes para 
todos los individuos, no existiera una jerarquía de color dentro de la población que 
pudiera reflejar la calidad individual independientemente de las circunstancias 
ambientales. En este sentido, los resultados del capítulo 5 son esclarecedores: pese 
a variar a lo largo de la temporada reproductora, los individuos más pigmentados 
en un momento dado siguen siendo siempre los más pigmentados de la población. 
Y más aún: si nos centramos en el periodo de máxima coloración y mayores niveles 
de carotenoides circulantes, los individuos más pigmentados siguen siendo los más 
pigmentados  en años consecutivos. Este resultado apoya además la idea de que, 
una vez controlados factores como la condición o la parasitación, existe una 
variabilidad en la capacidad de un individuo para absorber, transportar, modificar 
y/o depositar los carotenoides en los ornamentos. Si dicha variabilidad tiene o no 
una importante base genética es un asunto de debate en la actualidad (ver, por 
ejemplo, Hadfield et al. 2006, 2007). 
 
EPÍLOGO: Hacia una visión integradora de las señales basadas en 
carotenoides 
Como se ha dicho en la Introducción de esta tesis doctoral, para poder para 
comprender la evolución de los ornamentos y señales empleados en los procesos 
de selección sexual debemos conocer cuáles son los costes asociados a su 
producción. Y esto implica, además, tener una percepción lo más completa posible 
de los factores que afectan a la expresión de señales así como de las interacciones 
que se producen entre dichos factores. Esta percepción integradora nos permitirá 
tener una visión más completa de los compromisos asociados a la producción de 
señales y, por tanto, poder entender mejor el mecanismo evolutivo que ha generado 
los ornamentos sexuales. Esta tesis doctoral ha pretendido ser una contribución al 
conocimiento de los factores que afectan a la expresión de ornamentos basados en 
carotenoides, usando a la perdiz roja como modelo de estudio. 
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 Volviendo al esquema mostrado en la Introducción, podemos trazar una 
serie de relaciones potenciales entre los principales factores que pueden afectar a la 
expresión de ornamentos basados en carotenoides: carotenoides disponibles, 
condición física, activación de la respuesta inmunitaria y testosterona. Estas 
relaciones potenciales, con su signo, se representan de nuevo en la figura 1. En 
primer lugar, los carotenoides disponibles determinarán de forma importante el 
color potencial de los ornamentos basados en ellos (1) (Hill 2002, Blount et al. 
2003, McGraw y Ardia 2003, McGraw et al. 2004; capítulos 2, 3, 4 y 5). Podemos 
considerar “carotenoides disponibles” aquellos circulantes en el torrente sanguíneo, 
pero quizás también los almacenados en hígado o grasa, y que potencialmente 
podrían ser movilizados por el individuo en caso de necesidad (Negro et al. 2001b, 
Figuerola et al. 2005, Costantini y Dell´Omo 2006; capítulo 2).  
La condición física puede afectar a la expresión de los ornamentos basados 
en carotenoides (Hill and Montgomerie 1994, Birkhead et al.. 1998, Hill 2000, 
Mougeot et al. 2007; capítulo 2). Este efecto puede darse porque los individuos más 
eficaces en la búsqueda de alimento (y por tanto en mejor condición) están también 
ingiriendo más carotenoides totales en la dieta (2) (Endler 1983, Hill y 
Montgomerie 1994, Hill 2000, Casagrande et al. 2006). Sin embargo, a igualdad de 
ingesta de carotenoides, también puede haber un efecto de la condición sobre el 
ornamento ya que la absorción de los carotenoides presentes en la dieta y su 
posterior transformación metabólica antes de ser depositados en el ornamento 
pueden ser procesos energéticamente costosos (3), menos al alcance de individuos 
en mala condición física (Hill 2000, McGraw et al. 2005). 
Otro factor que puede estar ligado a los carotenoides disponibles es la 
respuesta inmunitaria. Por un lado, una mayor concentración de carotenoides en el 
torrente sanguíneo favorece una respuesta inmunitaria más intensa (4) (Blount et al 
2003, McGraw y Ardia 2003, capítulo 3). Y a su vez, el hecho de desarrollar una 
respuesta inmunitaria afecta negativamente  a los carotenoides disponibles (5) 
(McGraw y Ardia 2003, Alonso-Álvarez et  al. 2004, Peters et al. 2004; capítulo 3). 
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A este efecto hay que sumar el que, en el caso de infecciones por parásitos 
intestinales, los daños ocasionados por el parásito a la pared del intestino pueden 
disminuir la capacidad de absorción de carotenoides ingeridos (Allen 1987). Este 
descenso en los carotenoides circulantes debido a la activación del sistema 
inmunitario puede reflejarse en un descenso en la coloración al haber menos 
pigmentos disponibles para dedicar a la ornamentación (Faivre et al. 2003, McGraw 
y Ardia 2003, Alonso-Álvarez et al. 2004, Peters et al. 2004). Sin embargo, el efecto 
de la activación de la función inmunitaria sobre la coloración podría deberse no 
sólo al consumo de carotenoides por el sistema inmunitario. Potencialmente, ante 
el compromiso en el uso de recursos que supone una infección, un individuo 
enfermo podría administrar los carotenoides disponibles de manera diferente a uno 
sano, limitando su empleo en ornamentación (6). Sin embargo, esta posibilidad no 
ha sido estudiada en profundidad hasta ahora. Por otro lado, hay que tener en 
cuenta que el hecho de desarrollar una respuesta inmune, a su vez, también puede 
afectar negativamente a la condición física del animal (7) (Klasing et al. 1987, 
Lochmiller y Deerenberg 2000, Ots et al. 2001). Y a la inversa, una pobre condición 
física disminuye la intensidad de la respuesta inmune (8) (Lochmiller y Deerenberg 
2000, Alonso-Álvarez y Tella 2001). En este sentido, es interesante señalar que 
algún estudio ha mostrado que los individuos que desarrollaban una respuesta 
inmune más intensa ante una dosis estándar de antígeno sufrían un mayor descenso 
en los carotenoides circulantes (Peters et al. 2004). El posible efecto indirecto y 
contrapuesto de la condición sobre los carotenoides con respecto al explicado más 
arriba puede resolverse si consideramos que, en condiciones naturales y ante una 
infección real, un individuo en buena condición desarrollará una respuesta más 
efectiva frente al patógeno. Aunque esto pueda hacerle gastar más carotenoides a 
corto plazo, una respuesta más intensa le librará más eficazmente de la infección 
con lo que recuperará los niveles de carotenoides más fácilmente que un individuo 
en mala condición, que sufrirá una infección más duradera. Futuros estudios 
deberían analizar el efecto de una infección experimental sobre los cambios en el 
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tiempo en los niveles de carotenoides de individuos de buena o mala condición 
física para confirmar este punto. 
La testosterona puede tener un papel muy importante en la ornamentación 
basada en carotenoides. Un aumento de testosterona se traduce en un incremento 
en los niveles de carotenoides circulantes (9), ya sea mediante un aumento en la 
eficacia de absorción o en el transporte de dichos pigmentos (McGraw et al. 2006, 
Blas et al 2006; capítulo 4), lo cual puede traducirse en un aumento de la coloración 
basada en ellos (Eens et al. 2000, McGraw et al. 2006). La testosterona también 
puede tener un efecto más directo sobre la ornamentación, no aumentando las 
Figura 1. Representación esquemática de las relaciones (demostradas o hipotéticas) 
entre coloración carotenoide, carotenoides disponibles en el organismo, condición 
física, respuesta inmunitaria y testosterona.
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cantidades de carotenoides disponibles, sino asignando una mayor proporción de 
los mismos a pigmentación (10) (Mougeot et al. en prensa).  
Este efecto de la testosterona sobre los carotenoides encaja a la perfección 
con la variación estacional en los niveles de carotenoides circulantes y la 
pigmentación de ornamentos dinámicos (picos, carúnculas, patas, ceras): los 
máximos de coloración coinciden con máximos de testosterona durante la época 
reproductiva (Negro et al. 1998; capítulo 5), cuando la expresión de una señal 
dinámica debe ser máxima. Sin embargo, si bien esta relación se puede aplicar a los 
ornamentos dinámicos, la extrapolación a aquellas especies que muestran los 
carotenoides en el plumaje es más difícil. La mayor parte de las especies con 
plumaje basado en carotenoides mudan tras la reproducción, cuando los niveles de 
testosterona son basales (p. ej. Van Duyse et al. 2003). Pese a estos bajos niveles de 
testosterona, durante la muda se observa un aumento en los niveles de carotenoides 
en plasma (Hill 1992, McGraw y Gregory 2004). Además, un aumento de la 
testosterona en este periodo sería poco esperable, ya que esta hormona inhibe la 
muda de la pluma (Hahn et al. 1992, Nolan et al. 1992). De hecho, en el pinzón 
mejicano, se ha comprobado que un aumento artificial de la testosterona durante la 
muda se traduce en una menor pigmentación carotenoide del plumaje (Stoehr y Hill 
2001). 
El vínculo entre testosterona y carotenoides disponibles y el efecto contrario 
de ambos compuestos sobre el sistema inmunitario plantea interesantes cuestiones. 
Por un lado, la testosterona tiene un hipotético efecto negativo sobre la respuesta 
inmunitaria (11) (Folstad y Karter 1992), mientras que los carotenoides ejercen un 
efecto positivo (4) (Blount et al. 2003, McGraw y Ardia 2003; capítulo 3), pudiendo 
amortiguar hasta cierto punto los efectos negativos de la primera (Blas et al. 2006; 
capítulo 4), lo que podría explicar los contrapuestos efectos de la hormona sobre el 
sistema inmunitario en diferentes estudios y especies (Roberts et al. 2004). Serían 
necesarios trabajos en los que se analizara el efecto simultáneo de la testosterona 
sobre individuos con diferentes dosis de carotenoides para esclarecer si la 
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disponibilidad de carotenoides en la dieta puede explicar dichas discrepancias entre 
especies y estudios. Además, estudios con diferentes especies ayudarían a analizar la 
importancia de factores filogenéticos o ecológicos en este sentido. 
Por otro lado, los niveles de testosterona también están influidos por algunos 
de los factores mencionados hasta ahora. Así, el hecho de desarrollar una respuesta 
inmunitaria puede disminuir la concentración de esta hormona en sangre (12) 
(Peters et al. 2004). Además, la condición física afecta a los niveles de testosterona 
(13) (capítulo 1), lo que podría reforzar aún más el efecto total sobre los 
carotenoides circulantes y la coloración. Sin embargo, la relación entre testosterona 
y condición también puede darse en sentido opuesto y con signo negativo, ya que 
esta hormona aumenta la tasa metabólica del animal (14) (Buchanan et al. 2001) y 
promueve una mayor tasa de ejecución de comportamientos de cortejo y 
territoriales (Wingfield et al. 2001), lo que puede agotar las reservas energéticas del 
individuo. 
En este contexto, y aunque no se muestra explícitamente en el esquema de la 
figura 1, es importante resaltar el papel de estrés oxidativo como posible mediador 
de algunas de las relaciones mencionadas. Así, el efecto negativo de la respuesta 
inmunitaria sobre los carotenoides disponibles y el color parece estar mediado por 
el aumento de radicales libres producidos por la propia activación del sistema 
inmunitario (Lozano 1994, Costantini y Dell´Omo 2006, Bertrand et al. 2006). 
Además, la testosterona aumenta el estrés oxidativo experimentado por el animal 
(Alonso-Álvarez et al. 2007), lo cual podría ejercer un efecto contrario al ya 
mencionado sobre los carotenoides disponibles. Sin embargo, los escasos estudios 
realizados hasta ahora parecen indicar que el balance neto del efecto de la 
testosterona sobre los carotenoides es positivo (McGraw et al. 2006, Blas et al. 
2006; capítulo 4). Sin embargo, sería de gran interés analizar el signo de este balance 
a distintos niveles de testosterona y en individuos que experimenten diferentes 
niveles de estrés oxidativo (como resultado de sufrir o no una infección, por 
diferencias en el esfuerzo reproductivo, diferencias de edad, etc.). 
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CONCLUSIONES 
 
1- La condición física del individuo afecta a los niveles circulantes de testosterona. 
Esta relación debe tenerse en cuenta a la hora de discutir los resultados de estudios 
que aborden el desarrollo de ornamentos y su relación con la testosterona, ya que la 
condición física puede ser, en último término, el factor que determine las relaciones 
entre ambas variables. 
 
2- La coloración roja del anillo periocular de la perdiz roja (basada en carotenoides, 
al igual que la del pico y patas) está relacionada positivamente con los niveles de 
carotenoides circulantes y con la condición física del individuo, al menos en 
machos. Por tanto, este carácter podría funcionar como un indicador del estado 
nutricional y la capacidad  de búsqueda de alimento del individuo. 
 
3- Por otro lado, los carotenoides circulantes y la coloración carotenoide de la 
perdiz roja están relacionados con la respuesta inmune del individuo (al menos en 
machos) por lo que podrían funcionar como señales indicadoras de la capacidad 
inmunitaria. 
 
4- El desarrollo de una respuesta inmunitaria celular local provoca una disminución  
rápida y considerable en los niveles de carotenoides en plasma. Si bien no se 
detectó un efecto a corto plazo de dicha respuesta en la coloración basada en 
carotenoides, este resultado, unido a la mencionada relación entre carotenoides, 
coloración e intensidad de la respuesta inmunitaria, vendrían a apoyar el 
compromiso entre desarrollo de una respuesta inmunitaria y ornamentación 
carotenoide. 
 
5- La testosterona aumenta los niveles de carotenoides circulantes. Este aumento se 
produce, probablemente, debido a un aumento en la capacidad de absorción de 
dichos pigmentos a partir del alimento ingerido. Dada la relación positiva entre 
carotenoides y capacidad inmunitaria, es posible que dichos pigmentos amortigüen 
el efecto inmunosupresor de la hormona. De esta forma, la fiabilidad de la señal 
vendría dada por el hecho de que aquellos individuos con un sistema inmunitario 
de mejor calidad podrán dedicar una mayor cantidad de los carotenoides obtenidos 
a ornamentación en lugar de a mitigar los efectos negativos de la testosterona. 
 
6-Tanto los niveles circulantes de carotenoides como la coloración basada en ellos 
sufren oscilaciones estacionales, mostrando valores máximos en la época 
reproductiva. Esta variación es coherente con lo esperable en un carácter dinámico 
cuya expresión se maximiza en el periodo en el que la señalización es más 
importante. 
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7-Pese a tratarse de un carácter dinámico, la coloración carotenoide muestra 
consistencia dentro de la temporada reproductora y entre años. Es decir, aunque el 
color varía estacionalmente, los individuos más pigmentados son siempre los más 
pigmentados si las condiciones se mantienen iguales para toda la población. Esto 
sugiere además que la coloración basada en carotenoides puede reflejar no sólo 
factores como nivel de parasitación o ingesta de carotenoides, sino la capacidad del 
individuo de maximizar la pigmentación de sus ornamentos más allá de la influencia 
de factores ambientales. 
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o El sembrador. (¡Viva el Papa!). Y a Julien, si es que no te secuestran los 
Kazakos antes de volver. También, por aguantarme  y aceptarme como una 
más, a las niñas de la comuna: Elenis, Raspa y Marisa (y al pijama de 
avestruces de Jesús). Vosotras también  me habéis sufrido bastante. Gracias. 
Os debo, como poco, una invitación a Los Pucheros cuando esto acabe.  
A Eli. Por entrar sin preguntar, por ponerte en juego, por el arrojo. Por 
dar más de lo que recibes. Por cargar, en buena medida, con los tres kilos de 
entropía que guardo en mi cerebro. Por tu sonrisa y tu cariño sin ambages. 
Gracias. 
Lorenzo Pérez Rodríguez                                                                                         Tesis Doctoral 
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Y finalmente, a los responsables últimos (pero quizás los principales) de 
todo esto. Por eso esta tesis va dedicada a ellos. A mis abuelos, por una 
infancia memorable de tierra y clorofila, en una casa donde faltarían muchas 
cosas, pero siempre sobraba amor. A mi madre, porque todo es poco cuando 
se trata de mí, por haber llenado la casa de libros que alimentaban los pájaros 
de mi cabeza (además de los pececillos de plata de las estanterías). Y a mi 
hermana, porque me quiere sin más, que no es poco. 
 
 
 
 
 
 
El que tenga una canción tendrá tormenta, 
el que tenga compañía, soledad. 
El que siga buen camino tendrá sillas 
peligrosas que lo inviten a parar. 
Pero vale la canción buena tormenta 
y la compañía vale soledad, 
siempre vale la agonía de la prisa 
aunque se llene de sillas la verdad. 
      (Silvio Rodríguez) 
 
